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Abstract 
A Knudsen source has been built to enable the controlled 
deposition of silver and oopper on nickel surfaces in ultra-high 
vaouum. 
The deposition of silver was monitored by Auger eleotron 
speotrosoopy and the dependenoe of the Auger signal strength with 
deposition time compared with a Simple model. The data enabled the 
ooourrence of l~er by layer growth to be ascertained together with 
mean esoape depths for the relevant Auger electrons and a value for 
the stioking coeffioient. 
The affeot of heat treatment on silver-nickel bicr,ystals 
was studied by Auger electron speotroscopy and electron microscopy 
and it was found that heating to 3000 0 caused a change of deposit 
morphology to ocour. There was no evidenoe that alloying oocurs 
between silver and niokel films at either room temperature or 3000 0. 
Pseudomorphism of copper on niokel was studied at both room 
temperature and 3000 C. A graph of elastio strain against average 
thiokness for copper on niokel at room temperature was in reasonable 
agreement with theoretioal prediotions. Contamination of the nickel 
substrate b,y prolonged exposure to the residual gas resulted in a 
oopper film showing an abnormally high value of elastio strain. It is 
thought that the presence of oxygen on the niokel surfaoe may have 
caused the inoreased elastio strain but it 'was not possible to obtain 
the struoture of the contaminant. 
For depositions at 300°0 the copper formed islands which 
were frequent~ reotangular in shape. A stu~ was made of the number 
of misfit dislooations in small islands and it was found that the number 
was generally less than predioted by theor,y. This was attributed to 
the small value for the ratio of the height to the width of most of 
the islands. 
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CHAPTER 1 
IUTRODUCTORY REV lEvi 
1.1 Introduction 
Industrial applications of thin solid films are now 
widespread, ranging from anti-reflection coatings, front surface 
mirrors, interference filters to magnetic and electronic devices. 
Films used in optical devices normally have a low state of order, 
but this is not the case for thin film semiconducting devices. 
In such devices it is essential that the film be ' a good single 
crystal, and hence the problem arises of produci~g single crystal 
films. 
The production of a thin film involves the arrival of 
material at the surface of a supporting solid, called the substrate, 
where the material builds up into a thin l~er. The methods of 
producing thin films are numerous, ranging from electro-deposition, 
chemical reaction, sputtering and vacuum deposition (1). Attention 
here will be focused entire~ on vacuum deposition since it is the 
method which offers greatest control and is also most widely used. 
In vacuum deposition the deposit material is heated until 
evaporation occurs, the vapour then traverses the space between 
source and substrate at substantially reduced gas pressure, and 
finally condenses on the substrate. Initial condensation normally 
results in the formation of small three dimensional islands, and 
additional material oauses growth of these islands until they 
eventually coalesce and a continuous film is formed (2). There 
are however examples in which tho deposit material is distributed 
evenly and growth is two-dimensional or l~er-like. Such systems 
will be discussed in detail in section 1.2.3 and chapter 2. 
If the deposited film is to form into a single cr,ystal 
then the substrate itself is usually a single orystal, although there 
are experiments in whioh this has not been the case (3). The process 
of oriented growth of deposit material on top of a single crystal 
substrate is known as epitaxy. There are many important faotors 
which determine whether or not epitaxy will occur and it is a prooess 
which is not yet fully understood. Thus the occurrence of epitaxy is 
found to be dependent upon the relative lattice spaoing, the substrate 
temperature, the arrival rate of deposit material, the deposit 
thickness and the deposition conditions, including the condition of 
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the substrate surface. 
In early work (4) it was conoluded that epitaxy was 
possible only for small values of mis~it between the substrate and 
deposit lattioes, where the misfit may be defined as 
M. a - b 
tea + b) (1.1) 
a and b being the lattioe spaoings of deposit and substrate 
respeotively. Subsequent . investigations have shown that this is not 
the oase and epitaxy has been observed in many systems where the 
misfit is large (5,6,7,8). Thus epitaxy has been observed for 
depositions of LiF on KBr (6) where the misfit is -39%. 
The affeot of substrate temperature was investigated 
extensively and it was thought at one time that there existed a 
partioular temperature for a given system suoh that film growth 
above this temperature resulted in perfeot epitaxy, whilst lower 
temperatures gave imperfeot epitaxy (9). The experimental values of 
epitaxial temperature were in poor agreement and this is most like~ 
a result of failure to oonsider other important parameters. In 
general epitaxy is improyed by a higher substrate temperature because 
deposit atoms have more thermal energr and are able to migrate to 
positions of minimum potential energy. 
The affeot of arrival rate on epitaxy is interesting in 
that for some systems a high arrival rate results in good epitaxy (10), 
whereas in other oases the reverse is true (11). Closely linked to 
the affeot of arrival rate is the thiokness of the deposit and it is 
found that in some oases epitaxy improves as the deposit thiokness 
increases whereas in other oases the film becomes polycr.ystalline (12). 
Thus in the case of silver on mioa (13) or gold on molybdenite (14) 
epitaxy improves as deposition prooeeds. One of the mechanisms 
oausing this was shown by Jaoobs et ale (14) to be ooalescenoe of 
deposit islands. In the early stages of deposition islands of more 
than one orientation were present, but on coalesoin~ one orientation 
dominates and other orientations are eliminated. It has also been 
observed that two nuolei in almost parallel orientation may rotate 
upon ooalescenoe so that perfeot orientation is obtained (15). 
The affeot of deposition conditions has until recently been 
beyond experimental oontrol. In early work depositions were often 
2 
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performed in relatively poor vacua and even with the achievement 
. -6 
of pressures ~n the 10 torr ran~e it was still impossible to 
maintain a clean substrate surface. A related problem was the 
inclusion of residual gas into the growing film, since at pressures 
of 10-6 torr the rate of impingement of gas molecules on the specimen 
surface is comparable with typical arrival rates of deposit atoms. 
Nevertheless it was found in ma~ cases that improvement in epitaxy 
was obtained if the substrate surfaoe was cleaved in vacua immediately 
prior to deposition (16,17,18,19). 
The advent of ultra high vacuum (UHV) in which residual gas 
pressures below 10-9 torr canb~ obtained has mad~ it possible to 
control deposition conditions with much greater certainty. Thus a 
freshly cleaved surface in UHV will remain uncontaminated for 
sufficient time to enable most experimental observations to be carried 
out. The improved cleanliness of experimental conditions has not 
always resulted in better epitaxy and for the case of gold deposits 
on sodium ohloride improved epitaxy has been observed if the salt 
surfaoe is exposed to air prior to deposition (11). 
Another factor related to the substrate is the presence of 
defects on the substrate surface and preferred nucleation has been 
observed at surface steps and point defects (20,21i22,23,24,25). 
Of partioular importance in this respect is electron bombardment of 
the substrate either prior to or during deposition (26,27). It has 
been shown by Gallon et ale (28) and by Lord (29) that electron 
bombardment of alkali halide crystals oan cause extensive damage and 
may even result in non-stoichiometrio dissociation of the surface. 
The damaged areas act as preferred nucleation sites for deposit 
material and also favour the epitaxial configuration (29), although 
no explanation of this has yet been given. 
In summar,r the process of epitaxial deposition of thin 
films is complicated involving many variables. The advent of UHV, 
whilst not reduoing the number of variables does at least offer 
greater control, and suoh experiments should lead to a better 
understanding of epitaxy. 
1.2 Vacuum Deposition of Thin Films 
1.2.1 Evaporation 'Sources 
The vacuum deposition of thin films involves three stages, 
namely the transition of a condensed phase (solid or liquid) into a 
vapour, the passage of this vapour from source to substrate at reduced 
3 
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gas pressure, and finally its condensation on the surface of the 
substrate. In this section attention will be focused entirely on 
the vapour source itself. Stage two is simply a geometrical problem 
of arranging shutters and apertures to define the vapour beam and 
also ensuring that substantially reduced gas pressure is maintained 
in the system. Stage three is very complex and some of the factors 
influenoing nucleation and growth of the deposit have been briefly 
mentioned in section 1.1. A comprehensive review of condensation 
and nucleation of thin films is given by Neugebauer (30). 
The principal requirement of an evapor~tion source is a 
method of heating the evaporant to a temperature at which the vapour 
pressure is sufficiently high to produce usable condensation rates 
. -2 
on the distant substrate. Vapour pressures of about 10 torr are 
normally required and for most common evaporant materials this 
entails heating to temperatures in the range 1000 to 20000 0. Another 
important requirement is that the method of heating or support of the 
evaporant must not cause contamination of the vapour. In practice 
this is one of the most serious limitations on souroe design. 
The simplest type of evaporation source consists of a bent 
wire or dimpled boat which is resistively heated. The wire or boat 
is normally construoted from tungsten or tantalum because these 
metals have ver.y low vapour pressures in the temperature range 
required. The only limitation to their use is that some metals 
e.g. nickel and cobalt, rapidly alloy causing destruction of the 
source. The problem of alloying can be oV'e,rcome in some instances 
by employing an alumina or ber,yllia lining to the boat. 
The need to overcome reaction between the support and molten 
evaporant has led to ma~ desiens of evaporation source employing 
oleotron bombardment hoating. This entails focusing a beam of 
energetic electrons on the evaporant material, where the eloctrons 
loee kinetic energy and cause hoating. The simplest arraneement of 
this type is the pendant drop source (31,32), and it is also the most 
satisfactor.y with regard to contamination beoause the support and 
evaporant are of the same material. Figure l.la shows a typioal 
pendant drop source. Electrons from the hot filament are aocelerated 
on to the tip of the rod causing it to melt. Evaporation then takes 
plaoe from the molten drop which is held in position by surfaoe tension. 
A similar type of souroe is the design due to Unvala (33) 
4 
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in which the evaporant material is placed on a water cooled copper 
hearth. The electron beam is focused on a small region of the 
upper surface of the evaporant and the material in contact ~lith the 
copper hearth remains cool. There are various alternative designs 
of eleotron bombardment source but in all cases the aim is to focus 
the . electrons on a small region of the evaporant so that the 
evaporant forms its own crucible and contamination is reduced. 
Comprehensive reviews of eleotron bombardment sources are given in 
. references (34,35). 
(a) 
_ evaporant 
material 
filament 
o 
COOI.j 
hearth 
( b) 
vapour 
fi lament 
Figure 1.1 Electron bombardment sources a) pendant drop 'b) Unvala. 
There are materials such as nickel and oobalt whioh have 
appreciable vapour pressures at temperatures below their melting 
points. This enables material to be sublimed from the solid and hence 
reduotion of oontamination is possible. Various types of Bublimation 
source ha.ve been used, the simplest being due to I·Yatthews (36) in 
which the material in the form of a wire is wound into a tight helix. 
The wire is then heated resistively until usable sublimation rates 
are obtained. Another type used by Farnsworth (37) employed electron 
bombardment of a nickel slug, Figure 1.2. A thermocouple attatched 
to the slug enables the temperature to be monitored and constant 
deposition rates m~ be obtained. 
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Figure 1.2 Sublimation source designed by Farnsworth 
With the exception of the source due to Farnsworth all 
the sources described above have the serious disadvantage that it 
is diffioult to control the evaporation rate of material. This is 
primarily due to two factors, the first being lack of control over 
the temperature of the molten material, and the second a result of 
changing geometry of the emitting surface. The laok of oontrol 
over the temperature is particularly serious because of the ,rapid 
dependence of vapour pressure with temperature (38). In practice 
this is often overcome by employing a device to measure the arrival 
rate of material at a detector close to the substrate. The pO\-1er 
input to the source is then adjusted ,until the required arrival 
rate is obtained. Nevertheless there are experiments in whioh it 
is desirable to have a vapour souroe with whioh a constant and 
reproducible arrival rate can be maintained for long periods. 
Evaporation sources of the Knudsen type fUlfil this requirement (35). 
Knudsen sources generally consist of a olosed oruoible with a small 
hole in the top or side. The evaporant material is placed in the 
crucible and heated until the vapour inside the oruoible is in 
equilibrium, Figure 1.3. Some of the vapour effuses through the 
small hole in the cell, and if the temperature of the cell is kept 
oonstant the rate of effusion is also oonstant. 
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Figure 1.3 Knudsen Effusion Cell 
Because the evaporant material is in a closed cell it is possible 
to monitor and hence control the temperature of the cell by attatching 
a thermocouple. 
Knudsen cells have two major disadvantages, the first being 
that they can only be used for a limited range of materials. This is 
because the molten evaporant is in contact with the cell and hence 
materials which alloy are excluded. The second reason is that 
practical cells have a limited capacity and are not suitable for 
repeated depositions of thick films at typical source to substrate 
distances. The limitation on size is primarily a result of keeping 
the volume of hot metal to a minimum to reduce outgassing problems. 
Nevertheless the ability to obtain constant and reproduoible deposit\Q~ 
'. 
rates is essential for some experiments and a major part of the present 
work has been has been ooncerned with developing a Knudsen souroe for 
deposition of silver and oopper in UHV. Details of the source are 
given in ohapter 4, together with a higher oapaoity sublimation source 
for the deposition of thiok films. 
1.2.2 Deposit Thickness Calibration 
Methods of measuring film thickness or monitoring deposition 
are numerous, involving many different physical properties. They can 
however be divided into two general categories, the first including 
methods which measure the arrival rate of material, and the second 
involving methods which determine the total film thiokness after 
deposition. A oomprehensive review of techniques is given in 
referenoe (39). 
(a) Rate Measurement 
A widely used method of thickness calibration which falls 
into either oategor.y given above is the use of a quartz crystal 
osoillator. This involves utilizing a thin orystal wafer which is 
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made part of an oscillatory circuit. The crystal is placed so as 
to intercept part of the vapour beam and hence the vapour condenses 
on one face of the crystal. The mass loading of the crystal ca1lses 
a change in the resonant frequency, which can be measured and the 
deposited mass obtained, hence the film thickness. Electronio 
differentiation of the frequency change enables the arrival rate to 
be determined. The major disadvantage with crystal ratemeters is 
that it is necessary to make some subsidiary assumption about the 
sticking ooefficient on the specimen and the ratemeter; where the 
stioking coefficient is the ratio of material condensing into the 
film to the material actually arriving at the surface. It is 
frequently assumed that the sticking coefficient on the ratemeter 
and the sample are the same, although it is possible to determine 
the mean sticking coefficient for the ratemeter by subsidiary 
experiments (40). However, uncertainty about sticking coefficient 
is a disadvantage common to all rate measurement techniques. 
Other less widely used methods of monitoring the vapour 
stream are ionization cells and momentum balances. In ionization 
cells some of the vapour is ionized by collision with an electron 
beam, the ions are then colleoted and oonstitute an ion current. 
The ion current is proportional to the arrival rate, but independen~ 
calibration is necessary before the ion current and arrival rate can 
\ 
be direotly related. ~lomentum balances (41) consist of a light 
aluminium cylinder mounted on a torsion fibre. The vapour beam is 
allowed to impinge on part of the cylinder and momentum transfer 
oauses the oylinder tq rotate. The rotation of the cylinder can be 
related to the arrival rate providing the torsional constant of the 
suspension and the average velocit.1 of the molecules are known. 
(b) Thickness Measurement 
Methods of measuring the thickness of a film following 
deposition are numerous and it is not possible to cover them all. 
Reviews of some of the methods available are given in references 
(34,35,1,42). The most direct methods involve weighing or 
measurement of the height of a step at the edge of the film using 
a stylus (43). 1.lethods involving optioal interferometry are commonly 
used (42), in which the optioal path differenoe for light ref~ected 
from the film surfaoe and from the substrate causes displacement of 
interference fringes. Measurement of the displacement can be related 
to the thickness of the film. An optioal method which is capable of 
8 
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high accuracy is that of ellipsometry, which is based on the change 
in state of polarization of light reflected from the sample. ~ne 
computation involved is laborious, although there are now standard 
computer programs available and the method is becoming more widely 
used (39). 
Film thickness may be determined by X-ray flourescence 
analysis and this can be usefully combined with electron microscopy. 
Energetio eleotrons incident on the sample give rise to X-rays which 
. are separated and colleoted. The film thickness can be related to 
the intensity of X-rays originating from the film. 
Chemical methods have not been widely used although they 
are relatively simple and accuracy is comparable with other techniqu~s 
(44,45). The best chemical method is probably that of photometric 
analysis, in which the material of the film is combined chemically 
with compounds giving rise to distinot colouration of resulting 
solutions. The optical absorption of the solution at a particular 
wavelength is then determined and from this the mass of deposit may 
be found. This method was used in the present Hork for oalibrating 
vapour sources and is described in detail in chapter 4. The method 
was chosen beoause of its simplicity and also because a single beam 
spectrophotometer \-ras available, enabling accurate optical absorptio~ :" 
measurements to be made. One serious disadvantage of the method is 
that it is destructive. 
The methods of thickness calibration described above have 
one feature in oommon in that they are not suitable in cases where 
the deposit is only a few layers thiok. There are microbalances 
whioh can deteot a few atomio layers of deposit, but this method of 
'detection involves assuming bulk density values which may not be 
valid for suoh thin films. lolicrobalance techniques have been shown 
to be reliable to within a few per oent for film thicknesses down to 
about 100 i (46). In prinoiple a knowledge of the arrival rate 
should enable films of any required thickness to be deposited, since 
for constant arrival rate the film thickness is a ~nction of time, 
which can be very accurately controlled. However a knowled~e of the 
sticking ooefficient is required and this is difficult to obtain for 
the very early stages of deposition i.e. the first layer or two. 
In many experiments, such as nucleation and gas adsorption 
experiments, it is necessary to know the quantity of deposit material 
. on the substrate surfaoe when this quantity may be a few atomic layers 
9 
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or less. The methods described above are not suitable for such 
measurements, particularly in the case of gas adsorption. 
A technique whioh in many ways is similar to X-ray flourescence 
analysis and which is sensitive to very small amounts of material 
is that of Auger e1eotron spectroscopy (AES). Auger electrons arise 
when an atom ionized in an inner level relaxes to a state of lower 
energy. The energy released by this process may be emitted as an 
X-ray photon, or alternatively be transferred to another electron 
. which is ejeoted from the atom: the Auger electron. The energy of 
this ejeoted electron is characteristic of the atom from which it 
originated and hence energy analysis of the Auger electrons enables 
identification of different chemical species. At the present little 
work has been done relating observed Auger spectra to the amount of 
material present, AES being used primarily for chemioal identification. 
Part of the work reported in this thesis was concerned with · 
investigation of AES as a quantitative tool for surface analysis. 
A more detailed description of the Auger process is given in section 
1.5 and a model relating observed Auger eleotron ourrents to deposited 
material (47) is described in ohapter 3. 
1.3 Mode of Growth 
1.3.1 Introduction 
In the majority of deposit-substrate combinations the 
initial growth of the film consists of the generation of three 
,. 
dimensional islands. Film growth is expected to begin with three 
dimensional islands if the oontact angle a between deposit and substrate 
is greater than zero (48). At equilibrium the oontaot angle is given 
by the equation 
a = a, + a cos a 
• I • 
(1.2) 
whore a a and a, are the surfAoe free energies of substrate, 
s' 0 
overgrowth and interfaoe respeotively. Henoe the oondition for 
monolayer growth to ooour is 
(1.3) 
This oondition is not the only one for which monolayer growth may be 
observed, thus a low substrate temperature or high deposition rate 
may also lead to layer growth by inhibiting attainment of equilibriUm 
10 
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oonditions. 
The possibility of the initial deposit atoms forming a 
single l~er is interesting from the theoretioal vie~~oint, since 
the single layer may elastioally strain to fit the substrate lattioe. 
Frank and Van der Merwe (49,50,51) developed a model for epitaxy in 
whioh the first l~er of an oriented deposit was strained to fit the 
substrate. This concept of elastic strain in the deposit to reduce 
the misfit was termed pseudomorphism, and the first observations of 
. the affeot were reported in 1933 by Finch and Quarrell (52). These 
observations "Vlere generally discredited and it was not until 1961 tlat 
Matthews (53) showed the affeot to be real. 
The model of an elastioally strained initial deposit layer 
is not of general validity for epitaxial growth because the majority 
of systems exhibit three dimensional island growth. Nevertheless it 
is a system which is relatively amenable to theoretioal analysis and 
for this reason a oonsiderable amount of experimental and theoretical 
work has been oarried out. 
1.3.2 Pseudomorphism 
The theory of Frank and Van der Nerwe predioted that for 
deposit-substrate systems with small misfit the first monol~er woul4 
elastically strain to fit the substrate. Subsequent layers would 
also strain by the same amount until a critioal thickness is reaohed 
at which it is energetically favourable for the deposit to relax by 
the introduotion. of a dislocation. The dislooations are at the 
deposit-substrate interfaoe and are called misfit dislooations because 
they accommodate some of the lattice misfit. The thiokness of deposit 
at whioh relaxation ocours depends upon the lattice misfit and the 
elastio oonstants of overgrowth and interface. 
The theory of Frank and Van der ~lerwe was extended by 
Cabrera (54) and Jesser and Kuhlmann-Wilsdorf (55) to the oase of 
island deposits. They assumed hemispherical islands with radial 
strains whioh decreased from the base to the top of the island. The 
theory predicted that islands up to a oritioal radius would be strained 
to match the substrate exaotly, but beyond this radius dislocations 
would be introduced to acoommodate some of the misfit. In the oases 
of l~er and island deposits the theories prediot that systems likely 
to exhibit pseudomorphism are those for whioh the lattice misfit is 
small, the interfacial bonding is strong and the elastio oonstant of 
the overgrowth is small. If the values for the elastio oonstants are 
11 
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known it is possible to predict the critical thickness of deposit 
at which complete pseudomorphism is lost. The predictions of theory 
are generally in reasonable agreement with experiment, although 
there are some major discrepancies which will be discussed later. 
The theory of Frank and Van der Nerwe can be extended to 
cases in which the substrate is also thin and undergoes elastic 
strain. In this oase the thiokness of overgrowth which should be 
totally pseudomorphic is considerably increased, but at present this 
type of system has not been investigated because of difficulties in 
producing thin, oontinuous substrate films. 
The introduotion of misfit dislocations into the growing 
film is of crucial importance to pseudomorphism and hence it is 
worthwhile to consider the types of dislooation observed and the w~ 
in which they are formed. If one considers two crystals with slightly 
different lattioe spacings, the difference in lattice spacing can be 
aocommodated most effioiently b,y pure edge dislocations at the 
interface, Figure 1.4. 
interface 
Figure 1.4 A pure edge misfit dislocation 
This type of dislocation is the most effioient because the Burgers 
veotor is in the plane of the interface. It might therefore be 
expeoted that all misfit dislocations would be of this type, but this 
is not observed. In the oase of f.c.c. crystals with an (001) 
interfaoe the plane of the interface is not a glide plane for pure 
edge dislocations (56). As the deposit thickness builds up more and 
more misfit dislocations have to be introduced. It is not possible 
under normal oonditions to nucleate dislocations at the interface 
because the stress required is very high (56), and hence dislocations 
that can glide into the interface are favoured. 
Several meohanisms for the introduotion of misfit dislooations 
have been proposed by Matthews (48). The first method involves 
. dislocations whioh extend through the substrate and overgrowth and 
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have Burgers vectors inclined to the interface. The stress es in 
overgrowth and substrate cause the section of dislocation in the 
overgrowth to separate from that in the substrate, leaving a long 
length of dislocation line trapped at tho interface. This mechanism 
is thought to operate in many pseudomorphio systems and is described 
in more detail in chapter 2. The second mechanism involves nucleation 
of a dislooation at the specimen surface. The dislocation then 
extends under the action of the stress in the overgro\.,th and glides 
.into the interface. This mechanism is expected to operate in 
bior.ystal systems in which there is a fairly lar~ misfit, since a 
large stress is required to nucleate a dislocation. The mechanism 
is shown schematioally in Figure 1.5 
Figure 1.5 Uucleation and subsequent extension of a dislocation 
in a strained film. The diagram represents the (Ill) 
plane, the two bold lines being the upper and lower 
speoimen surfaces and the dotted line the overgrowth-
substrate interface. 
In both the mechanisms desoribed the misfit dislooations formed are 
not of the pure edge type. 
The introduotion of a misfit dislocation into a growing 
island should not require the same amount of strain as in the oase of 
a oontinuous film, since dislocations can be readily formed at the 
. edge of the island. The relative ease of formation means that 
dislocations in islands should frequent~ be of the pure edge type, 
which has been observed for gold islands on platinum (48) and gold 
islands on palladium (51). However not all island deposits reveal 
.pure edge dislooations, thus in the system of iron on hot (100) copper 
Jesser and Matthews (58) observed dislocations with inolined Burgers 
veotors. A meohanism involving extension of existing dislocations 
was proposed, operating in the same way as for continuous deposits • 
. 
Jesser and Matthews; suggested that in some systems, such as iron on 
oopper, less energy is required to extend existing dislocations than 
13 
--------_. 
to nucleate new ones, despite the fact that dislocations so formed 
are inefficient. 
1.3.3 Experimental Techniques 
The experimental methods used in the study of pseudomorphism 
generally involve the preparation of a substrate followed by deposition 
of a uniform IB3er of overgrot-lth, Figure 1. 6a. The misfit is then 
determined in Situ, or the specimen is removed from the vacuum chamber 
and examined in the eleotron microscope. 
An alternative teohnique introduced by Matthet-1S (57) involves 
the use of a shutter during deposition of the over-l~er, so that a 
thiokness gradient or wedge is obtained, Fi&~re 1.6b. 
(a) 
overgrowth 
substrate 
Figure 1.6 Sohematic diagrams of a) the uniform IB3er teohnique 
and b) the wedge technique 
The experimen~al investigation of pseudomorphism involves 
obtaining a series of values of misfit against deposit thickness so 
that elastic strain as a function of deposit thickness mB3 be examin~~ 
and compared with theory. Using the first technique several 
experimental runs are required to obtain suffioient data, whereas tm 
wedge technique contains all the information required in a single 
experiment. However it is neoessary to be able to obtain the deposit 
thiokness at various stations along the wedge. Matthews achieved this 
with the use of an X-rB3 microanalysis attatchment to the electron 
miorosoope, so that microscopy of a given region of the sample could 
be ooupled with a thiokness determination. 
There are a number of disadvantages with the wedge technique, 
the most important is probably the necessity of expensive X-rB3 
microanalysis equipment before misfit against thic~ness data can be 
obtained. Secondly the theory of pseudomorphism assumes a deposit of 
oonstant thickness uniform1y strained, which is not the case for a 
wedge. This objeotion is probably unimportant if the angle of the 
wedge is kept small so that the elastic strain does not change rapidly 
across the sample. Finally the wedge technique does not allow in-situ 
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measurements in the vacuum chamber to be carried out, because it is 
not possible to determine accurately the region of tho sample from 
which the information is obtained. Thus a misfit measurement by 
reflection high energy electron diffraction (RHEED) m~ be obtained, 
but the thickness of deposit giving rise to this misfit would be 
unknown. 
Tho deposition of a uniform layer does not suffer from 
any of the above disadvantages but it is a considerably more time-
consuming procedure. The uniform layer technique was used in the 
present work because of the absence of X-ray microanalysis equipment. 
If the microanalysis equipment had been available then the wedge 
teohnique would have been used, since there is alw~s the possibility 
of cross-checking results with a few samples prepared by the uniform 
layer technique. 
1.3.4 Previous Investigations 
The reported cases of pseudomorphism are not numerous and 
a summary of published work is given in Table I. It is only recently 
that the importance of the type of misfit dislocation has bee~ 
realised and hence in many of the earlier investigations Burgers 
vector determinations were not carried out. Experimentally determined 
values of the critical thickness h for two dimensional deposits, or ' c . 
the critical radius R for island deposits are shown. It is notioeaqle 
c 
that for misfits greater than about 5% critical thickness data were 
not obtained. This probably means that for misfits greater than 5% 
the critical thiokness would be less than one monolayer and hence 
would not be observed. The observed values of critical thickness for 
different values of misfit follow the general prediotions of theory, 
o 
h varying from a few Angstroms for misfits of about 4%, up to several 
o 
miorons for misfits considerably less than 1%. 
With the advent of UHV the values of h obtai~ed by different 
e 
workers for the same system are in good agreement e.g. cobalt on copper 
and iron on oopper. Experiments performed in technical vacuum whilst 
not showing the same consistenqy are however interesting. Of partioular 
importanoe are the results obtained by Kuntze et ale (59) and Gradmann 
(60) for nickel on copper. For the system nickel on copper the value 
o 
of h predicted b.Y theory (chapter 2) is about 10 A, which is in 
o 
agreement with the experimental values obtained in UHV. The value of , 
80 X obtained b.1 Kuntze is in serious disagreement and it seems likely 
that the poorer vacuum conditions contributed to this disagreement. 
It is particularly interesting that the value of he was increased and 
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hence evaluation of the factors causing this disagreement might 
lead to a method of producing very thick pseudomorphic films. Such 
films might show unusual and useful magnetic or electronic properties. 
In the experiment performed by Gradmann the deposition of nickel was 
. d t· -6 oarr~e . ou 1n the presence of 5 x 10 torr of oxygen and 
pseudomorphism was completely inhibited. Thus it would seem that 
while some contamination can enhance pseudomorphism the oxygen 
contamination in Gradmann's experiment had the opposite effect. 
The possible role of contamination in pseudomorphic systems is 
discussed further in chapter 2. 
The experiment performed by Haque and Farnsworth (37) on 
nickel-copper is relevant in that it is in complete disagreement 
with other UHV examinations. The analytical technique used was low 
energy electron diffraction (LEED) and the application of LEED to 
pseudomorphism is the subject of some controversy and will be 
discussed further in section 1.4.2. 
Finally it is worth noting that in experiments reported to 
date the possibility of alloying at the interface between deposit and 
overgrowth has not been examined. This is of particular importance 
in systems such as copper-nickel where alloying is likely, since an 
interfaoial alloy could have a oonsiderable affect on subsequently 
deposited material. This omission was primarily due to lack of a 
suitable technique to deteot rearrangement of different atomic species 
on a surface. However Auger electron spectroscopy is a surfaoe 
sensitive technique which ought to enable alloying or surfaoe 
rearrangement to be deteoted and this applioation of AES to bicrystal 
systems is reported in this thesis. 
1.4 Techniques for the Examination of Films and Surfaces 
1.4.1 Introduction 
In the following section the experimental techniques used 
in the present work are desoribed and their relevance to surface 
studies and pseudomorphism outlined. Finally other relevant techniques 
whioh were not available will be briefly described and a oomparison 
made between these and the techniques employed. 
1.4.2 Low Energy Electron Diffraction (LEED) 
LEED involves direoting a beam of monoenergetio electrons 
towards the surfaoe of a crystal and then detecting the electrons 
whioh are elastioally back-scattered. The energy of the primary 
eleotron beam is typioally in the region of 10 - 500 eVe 
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I system 
Au-Pd 
Au-Pd 
Au-Pd 
Au-Pd 
Au-Ag 
Au-Pt 
Pt-Au 
Pt-Au 
Pt-Au 
Pd-Au 
Pd-Au 
Fe-Au 
Fe-Au 
Au-Cu 
Au-NoS2 
Ag-Cu 
Ag-Cu 
Ag-Cu 
Cu-Ag 
Cu-Ag 
misfit 
% 
4.6 
4.6 
4.6 
4.6 
0.19 
4.0 
4.0 
4.0 
4.0 
4 0 6 
4.6 
8 
8 
13 
12.2 
12.2 
12.2 
12.2 
12.2 
TABLE I 
mode of grouth experimental 
conditions 
3D(001)Au//(001)Pd UlN 
2D(001)Au//(001)Pd UHV 
2D(1ll)Au//(1ll)Pd -7 10 torr 
2D(001)Au//(001)Pd UHV 
2D(OOl)Au//(OOl)Ag U1N 
2D(OOl)Au//(OOl)Pt 
2D(001)Pt//(001)Au UHV 
3D(001)Pt//(COl)Au electrodeposit 
2D(OOl)Pt//(OOl)Au Uh"V 
2D(1ll)Pd//(1ll)Au -5 10 torr 
2D(lll)Pd//(lll)Au -7 10 torr 
2D(110)Fe//(1ll)Au UHV 
2D(1l0)Fe//(11l)Au UHV 
2D( 001)Au/ /( 001)Cu Uh"V 
3D -7 10 torr 
2D(1ll)Ag//(1ll)Cu Uli"V 
2D(001 )Ag/ /( 001 )Cu UHV 
spherical substrate -6 10 torr 
2D(001)Cu//(OOl)Ag UlN 
2D(1ll)Cu//(1ll)Ag -7 10 torr 
- --
h )[ R analyticnl Burgers vector r eference c c technique 
EH ~-a [l1O ] 57 
>1 J_aye r rEED 61 
EH -~a[110 ] S9 
EN -b-a [110] 89 
250 EN 1 [- -] -2-a 101 57 
EN ~-a [110] 48 
EN 57 
EN ~a [l1O ] 63 
10 EN -~a[lCl ] 62 
El,! 6it 
EN 89 
EN 65 
0 EH !a [llO] 66 
alloy rEED 61 
EN 67,68 
RHEED 1 [-- J (;a 112 60 
< 1 l a.yer rEED 61 
RHEED ta [112] 70 
RHEED 126 
" 
<15 RHEED 127 
Ni-Ag- 14'.7 3D(001)Ni//(001)Ag Uh'V ru-~D 126 
Co-Ag 13 3D(001)Co//(001)Ag UHV RP.EED 126 
Ag-Ge 28 ( 001)Ag/ /( no) Ge UHV IEED 71 
Pb-Ag 21 2D(1ll)Pb//(1ll)Ag 10-5 torr RHEED 72 
Co-Cu 1.5 2D(OOl)Co//(OOl)Cu UHV 18.5 EN ~a[1l2 ] 73 
-~a [101J 
Co-Cu 1.5 2D( 00l)Co/ /( 00l)Cu UHV 20 El1 ~a[1l2] 74 
t a [101 ] 
Co-Cu 1.5 2D(OOl)Co//(OOl)Cu UHV 13 EM ~[D2] 75 
~-a[101 ] 
Fe-Cu 0.9 3D(001)Fe//(001)Cu UHV 750 EN {-a [101] 76 
Fe-Cu 0.9 2D(001)Fe//(OOl)Cu Uh'V 20 EN ~a[101J 77 
Fe-Cu 0.9 2D( 001)Fell( 00l)Cu UHV 20 EN 78 
Ni/Fe-Cu 2D( lll)Ni/Fe/ /(lll )Cu -6 10 torr 20 RHEED 79 
Ni-Cu 2.5 2D(001)Ni//(OOl)Cu UHV 15 EN t a[101 ) 36 
Ni-Gu 2.5 2D(1ll)Ni//(1ll)Cu UHV 10 RHEED 80, 81 
Ni-Cu 2.5 2D(001)Ni//(001)Cu -6 0 RHEED 60 I 5 x 10 torr I 
1 
oxygen I 
-6 , Ni-Cu 2.5 2D(001)Ni//(001)Cu 10 torr 80 THREED 59 
-_ . -
( 
I 
I 
I 
I 
---
Ni-Cu . 
Ni-Cu 
Ni-Cu 
Cu-Cu 
Cu2O-Cu 
C~O-Cu 
Cu-Ni 
Cu-l!i 
Cu-Ni 
Fe-Ni 
Cr-Ni 
Co-Ni 
FeO-Fe 
PbSe-PbS 
PbSe-PbS 
Sn-SnTe 
Si-doped 
Si 
Ge-GaAs 
Ga.As-Ge 
2.5 2D(1ll)Ni//(1ll)Cu 
2.5 2D(001)Ni//(001)Cu 
2.5 2D(lll)Ni//(lll)Cu 
0 spherical substrate 
17 spherical substrate 
17 
2.6 2D(001)Cu//(001)Ni 
2.6 3D(001)Cu//(001)Ni 
2.6 3D(001)Cu//(001)Ni 
3.5 2D(001)Fe//(001)Ni 
18 2D(001)Cr//(001)Ni 
1.05 2D(001)Co//(001)Ni 
17 
3 2D(001)PbSe//(001)PbS 
3 2D(OOl)PbSe//(OOl)PbS 
0.5 3D p-Sn (b.c.c.) 
~0.OO3 
0.07 2D(llO)Ge//(llO)GaAs 
0.07 (100)GaJ~//(100 )Ge 
UIN 0 IEED 37 
e1ectrodeposit EN ta [Oll] 82 
e1ectrodeposit EH 82 
-6 10 torr REEED 83 
-6 10 torr RP.EZD 83 
1 atmosphere X 84 
of oxygen 
-6 10 torr THREED 59 
-6 10 torr THREED 59 
UIN EH ~-a[llO] 85 
·UHV 15 EN 86 
UHV 10 EN t a [101 J 76 i 
UHV 50 EN ~a[n2 ] 87 
2 - 3 LEED 88 ~ layers 
-7 
ta[llO] 89 10 torr EH 
-6 EN ta[llOJ 53 10 torr 
UHV 10 EN 90 
1 micron X 91 
chemical 2000 EN 92 
decomposition 
chemical X 93 
reduction 
-_._--------
--
------
NiBr2-
CrBr3 
Co-Ni/Pd 
0.3 (OOOl)Ni Br211(0001)CrBr3 sublimation in argon 
0 2D( 001) Coll( 001 )}:i/Pd UHV 
- - --- ---- ------
KEY EN 
IEED 
elect ron microscopy 
10V[ energy electron diff r action 
~D reflection high energy electron dif fraction 
RHEED 
200 EN 
THREED transmission high resolution high energy electron diffr action 
X X-ray topography 
94 : , 
I 
~[1l2] 15S 
LEED systems of several different designs are in use and 
Figure 1.7 shows the main components of the two most commonly used 
systems. The most important difference between the two types of 
system is in the method of detecting the scattered electrons. In 
the first system a double walled Farad~ cup is employed which can 
be moved about to detect the diffracted beams. This method gives 
a direct and aocurate measurement of the diffracted intensity at a 
particular angle. It. is however oomparitively slow, although ' using 
suitable electronics an oscilloscope displ~ of the diffraction 
pattern may be obtained in a few minutes (95). In , the post-diffraction 
aoceleration method a series of hemispherical grids and a flourescent 
soreen are used. The first grid is grounded so that the diffracted 
eleotrons travel in field free spaoe, and the seoond grid is held at 
a negative potential to reduoe the baokground intenei ty. A high 
elect ron 
gun 
Figure 1.7 
------
~ collector 
\ 
screen 
grids 
crystal 
crystal 
( a ) 
viewing 
port 
Sohematio diagram of a tEED chamber a) Faraday oup system 
b) Display system 
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positive voltage is maintained on the soreen so that electrons are 
accelerated and given sufficient energy to cauae flourescence in 
the ooating. Eaoh diffracted beam gives rise to a bright spot on 
the screen and the spot pattern may be observed through a suitable 
viewing port. Most modern LEED systems have an additional grid to 
reduoe the penetration of the high positive potential to grid 2, 
resulting in much better cut off of inelastioally scattered electrons. 
Beam intensity measurements may be made using a spot photometer 
mounted outside the vaouum chamber. This method gives less aocurate 
intensity data but has the advantage that many diffracted beams may be 
viewed at once and rapid changes in the diffraotion pattern followed. 
One other oonsiderable advantage of this system is that it may be 
oonverted relatively simply to an Auger eleotron spectrometer and 
henoe this type of LEED apparatus is much more widely used. 
The importance of LEED to surface studies is a result of the 
ver.y large soattering oross-seotion for electrons at suoh low energies. 
~. 
Penetration without energy loss is limited to a few layers and hence ~ 
it is these few layers whioh give rise to the elastioally back 
soattered oomponents whioh are deteoted. The large soattering cross~ 
seotion does however make interpretation of LEED intensity data 
difficult beoause the effeots of multiple soattering must be inoluded. 
Nevertheless the main features of a LEED pattern oan often be 
interpreted by applying kinematio diffraotion theory to a two 
dimensional surfaoe mesh of atoms. It was this feature of LEED that 
was used in the present work and the geometr.y of observed diffraction 
patterns was related to the state of order of the cr,ystal surfaoe. 
One oonsequenoe of multiple soattering which is of importance 
to pseudomorphism is that the intensity of a partioular diffracted 
beam is a funotion of the inoident eleotron energy. Suoh plots of 
intensity against voltage, known as reV) plots, frequently show a large 
number of peaks, many of whioh oannot be interpreted as kinematioal 
Bragg peaks. The leV) plots are however charaoteristio for a 
partioular surfaoe and may be used to 'fingerprint' the surfaoe. In 
an experiment performed by Haque and Farnsworth (31) leV) plots for 
the (io) diffraoted beam for oopper and niokel bulk speoimens were 
obtained. Niokel was then oondensed on a oopper (111) surfaoe and 
the change in the I(V) plot monitored. Haque and Farnsworth found 
that the I(V) plot from the speoimen ver,y rapidly beoame identioal 
to the I(V) plot for pure niokel and oonoluded that the nickel was 
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growing with its bulk lattice parameter. This interpretation was 
challenged by Gradmann(8l), although Gradmann's arguments were 
based on kinematical reasoning. The matter remains unresolved. 
However it is interesting that nickel on copper is a system which 
many observers have found to be pseudomorphio (Table I). 
Recent reviews of LEED have been given by Prutton (96) 
and Estrup (91). 
1.4.3 Auger Electron Spectroscopy 
When an atom is ionized in an inner level it can relax to 
a state of lower energy by one of two processes. In the first process 
an electron from a higher level fills the vacancy and the excess 
energy is emitted as a photon. Alternatively an electron from a 
higher level m~ fill the vacancy and the excess energy is transferred 
by a radiationless process to another eleotron which is emitted from 
the atom. This emitted electron is the Auger eleotron and the net 
result is to leave the atom doubly ionized. In both the above prooesses 
the energy of the photon and of the Auger electron is characteristio 
of the energy levels of the atom from which they originate. Energy 
analysis of the photon or Auger electron can thorefore be used as a 
method of chemical identifioation. Collection and energy analysis of 
the emitted photon is the basis of X-r~ flouresoence spectroscopy 
whereas the same process applied to the Auger electrons forms the basis 
of Auger electron spectroscopy (AES). The importanoe ot AES as a 
method of surfaoe chemioal analysis is a result of the very large 
soattering oross-seotion for eleotrons in the range 0 - 1 keV normally 
used. Henoe only Auger eleotrons produoed within a few l~ers of the 
surfaoe oan esoape without significant energy loss and be deteoted as 
Auger eleotrons. 
The emission of an Auger eleotron is a -result of an atom 
being ionized but is not dependent upon the method used to produce 
ionization. Hence any ionization mechanism m~ be used to create the 
initial vacanQY in the sample. The majority of work on AES of solids 
has use~ an eleotron beam to produoe the initial ionization because 
eleotrons have several advantages as souroes of ionization. The cross-
section for ionization of a given level is greater for electrons than 
for X-r~s of similar energy, also the eleotron guns are fairly cheap, 
Simple pieces of equipment and oan produce well focused high density 
beams. There is one serious disadvantage of using electrons to produoe 
the primary ionization; the emitted Auger eleotrons have to be 
separated from the baokground of secondary eleotrons. The background 
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is typically several orders of magnitude greater than the Auger 
current being analysed and hence this leads to problems of deteotion. 
Instruments used for detection of Auger electrons may be 
divided into two types, dispersive analysers and retarding field 
analysers normally based on LEED optics. In the dispersive analysers 
only eleotrons within a certain energy range can pass th~ough the 
analyser and be oollected and hence a ver,y large part of the background 
intensit.y is eliminated. Dispersive analysers using either cylindrioal 
mirrors (98,99) or ooncentrio hemispheres (100) for electron separation 
can obtain resolutions of about 0.1%, although a resolution of 0.01% 
has been obtained (101). (Resolution is defined as ~E/E x 100% where 
~E is the width of the peak reoorded b,y the speotrometer when a 
monoenergetio beam of eleotrons of energy E is passed through the 
analyser.) 
In the retarding field analyser based on LEED optios a 
negative potential is applied to the centre grid so that electrons with 
energies below this potential are rejected. Henoe all eleotrons with 
E'nergies above this cut off potential are accepted and this leads to 
the much poorer signal to noise ratios of this type of analyser. 
Operated in this mode the retarding grid analysers would be ver,y 
insensitive and it was not until Harris (102) showed that eleotronio 
differentiation of the eleotron energy distribution greatly enhanoed 
the sensitivit.y that AES became widely used. 
At present the major application of AES has been as a method 
: 
of chemical identifioation. In this respect it has boen extremely 
suocessful allowing surfaoe oontaminants to be deteoted at ooncentrations 
of ~ of & monolayer (103). However the strength of a detected Auger 
signal must be a function of the amount of material present and hence 
AES ought to be quantitative as well as qualitative. Until recently 
this aspect of AES had~ received>ver,y little consideration, but probably 
as a result of increased reliabilit.y of Auger electron spectrometers 
this is no longer the case. Nevertheless in the experiments reported 
so far some subsidiar,y assumption, e.g. a value of stioking coeffioient, 
has been made in order to calibrate the observed Auger intensities. 
In chapter 3 a model proposed by Gallon (47) is desoribod whioh relates 
observed Auger intensities to amount of deposited material without the 
necessit,y of such assumptions. The only requirements of this model 
being a substrate-deposit system which grows in layer by layer fashion. 
and a constant rate souroe for the deposit material. 
24 
The application of AES to pseudomorphism is important with 
respect to rearrangement of deposited atoms on the surfaoe. In any 
investigation of pseudomorphism the possibility of alloying at the 
interfaoe must be oonsidered and so far no experimental investigation 
of this has been possible. AES should fulfil this need, since if 
alloying does occur between deposit and substrate, Auger traces of a 
given amount of deposited material should show time dependenoe, 
whioh otherwise would not be the oase. Quantitative development of 
AES oould also be of importance in pseudomorphism since it would allow 
in situ misfit measurement to be related to deposit thickness. This 
oould be partioularly useful in the very early stages of deposition 
for systems with a oritical thiokness of only a few layers. Finally 
AES should enable the deteotion of oxide layers or impurities which 
oould affeot pseudomorphism of the deposited film. 
A oomprehensive review of AES has been given b.Y Gallon and 
Matthew (104). 
1.4.4 Reflection High Energy Electron Diffraction (RHEED) 
In refleotion high energy eleotron diffraotion a narrow beam 
of monoenergetio eleotrons is directed at the surface at glancing 
inoidenoe and the elastioally soattered eleotrons are viewed on a 
distant soreen, Figure 1.8. 
screen 
Figure 1.8 Schematio diagram of a RHEED system. 
electron 
gun 
Beoause of the grazing inoidenoe of the eleotron beam the 
penetration normal to the surface is small and hence ru~ is a surface 
analytical teohnique. In addition the grazing inoidenoe makes the 
technique partioularly sensitive to small asperities on the surface 
of the sample, which is not normally a feature of LEED; see Figure 1.9. 
The small penetration normal to the surfaoe means that the 
reoiprocal lattioe oonsists of a set of parallel rods perpendicular to 
the orystal surfaoe. As a result of the high energies used (typioally 
10 - 30 keV) the radius of the Ewald sphere is lar and henoe the 
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Flgure 1.9 Relative illuminating conditions of tEED and RHEED. 
diffraction pattern from a flat single crystal consists of a set of 
parallel streaks. However, if the beam passes through islands or 
undulations on the surface then a transmission diffraction pattern 
is obtained with characteristic sharp spots, this being one of the 
most useful properties of RHEED. In addition the high energies used 
lead to a small coherence length for the electrons and hence RHEED 
is applicable to polycrystalline samples. 
BREED is a technique which is applicable to studies of 
pseudomorphism and a number of investigations using RHEED have been 
performed (see Table I). For greatest reliability the experimental 
conditions should be such that the diffraction patterns from substrate 
and overgrowth are viewed simultaneously. This avoids errors due to 
fluotuations in the high voltage supply or changes in oamera length. 
For the case of l~er growth the above oondition m~ be obtained by 
arranging the deposited film to be smaller in area than the substrate. 
The condition is automatically achieved in cases where the deposit 
nuoleates, but in this situation the diffraoted beam does not 
necessarily come from a region of deposit close to the interface. 
The elastic strain in an island is not uniform (67) as in the case of 
l~er growth and hence unoertainties arise in measurement of misfit. 
In the oase of l~er deposits with non-zero misfit the diffracted 
streaks are doublets and the separation of the streaks enables 
determination of the misfit. The limitation of the teohnique is 
Simply the width of the diffracted streaks whioh governs the resolution 
Possible, and for this reason misfit measurements of less than a few 
per cent oannot be made with RHEED. 
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1.4.5 Electron Microscopy 
The electron microscope is extreme~ · important in thin film 
investigations because of its ability to provide almost all the 
information necessar.y to characterise a specimen. 
The electron microscope consists of an electron gun (which 
produces a beam of eleotrons typically at 100 keV) followed by a 
system of lenses and apertures l-Thich define the beam path through 
the specimen and on to the viewing screen. After the eleotrons have 
passed through the specimen they enter the objective lens which 
focuses them to form the first intermediate image. This image is then 
further magnified in two stages by the intermediate and projector lenses, 
the projeotor lens forming the final image on the screen. However, 
magnetio lenses suffer from considerable spherical aberration and if 
all the diffraoted beams leaving the specimen were allowed to reach 
the final imase a low resolution, poor contrast image would result. 
This is overcome by the introduction of an aperture near the back focal 
plane of the objeotive lens (Figure 1.10) so that only the undeflected 
beam passes on to the other lenses. Image oontrast is therefore a 
result of diffraction out of the straight-through beam and is known a~ 
diffraotion oontrast. 
j j j 
specimen 
Objective 
aperture 
image 
Figure 1.10 Use of the objective aperture to obtain diffraction contrast. 
One partioularly useful applioation of this method of image formation 
is that a final image oan be produoed with any diffraoted beam. The 
brightest image is normally formed with the undeflected beam and is 
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called the bright field image. However, by displacing the objective 
aperture or tilting the beam, any diffracted beam m~ be made to 
pass down the axis of the microscope, producing a dark field image. 
Dark field microscopy is particularly useful since it reveals which 
regions of the specimen are contributing to a particular diffracted 
beam. It also enables the identification of defects such as 
dislocations, since these defects become invisible under certain 
diffraction conditions (105). 
The pOl-ter of the electron microscope is that mioroscopy of 
a given specimen can alw~s be combined with diffraction and hence a 
great deal of information m~ be obtained. In addition most electron 
microscopes are fitted with an aperture in the first intermediate 
image plane which enables a small area of the image to be selected. 
If the intermediate lens is then defocused to the diffraction condition 
only the diffraction pattern from the selected area will be observed. 
This technique, known as seleoted area diffraction, enables close 
correlation between the diffraction pattern and the image. 
Finally the addition of an X-r~ flourescence attatchment to 
the electron microscope enables chemioal identification to be coupled 
with normal miorosoopy and diffraotion. The electron beam incident 
upon the sample generates X-r~s which have energies characteristio 
of the atom from whioh they originated. Hence detection and energy 
separation of the emitted X-r~s enables chemical identification. 
The eleotron microsoope has been extensively used in the stu~ 
of pseudomorphism bocause of the ability to obtain misfit measurements 
from a sample, as well as structural or orystallographio information. 
The following methods have been used to obtain misfit measurements: 
(i) Measurement of the spaoing of Moire fringes. When an 
eleotron beam passes through two orystals it is possible that a 
diffraoted beam from the first crystal will be diffraoted again in the 
seoond crystal. It such a doubly diffraoted beam combines with an 
undiffracted beam interference may oocur, resulting in a pattern of 
fringes known as Moire fringes. For the case of parallel lattioe 
planes the spaoing of the )Ioire fringes is given by (105) 
-
(1.3) 
where d1 and d2 are the spaoings of the two lattioes. Therefore in a 
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specimen consisting of one crystal grown epitaxially on another with 
a different lattice spacing, a set of Moire fringes 'm'\Y be obtained, . 
the spacing of which will depend upon the two lattice constants. For 
the case in which dl~ d2 the misfit may be written as 
and hence the separation of the Moire fringes is given by 
Thus measurement of the separation of Moire fringes enables a value 
for misfit to be obtained. 
(ii) Measurement of the spacing between dislocation lines. 
In the case of a pseudomorphic specimen the spacing between dislocation 
lines depends upon the misfit. For large values of misfit the 
dislocations are olose together, whereas for small misfit the 
dislooations are well separated. The spaoing between the dislooations 
is given by the Brooks formula (106) 
(1.6) . 
where I~I is the magnitude of the Burgers veotor and M is the misfit. 
The spaoing between dislocations may be measured from electron micro-
graphs and hence determination of the Burgers vector (105) enables the 
misfit to be caloulated. 
(iii) Measurement of the spacing between diffracted spots. 
When an electron beam passes into .a biorystal specimen both orystals 
will give rise to a diffraotion pattern. The spaoing between features 
on the diffraotion pattern will depend. upon the lattioe constant of 
the crystal from which they originate. Hence measurement of the 
spaoing between two features of the diffraotion pattern from one orystal 
and the spaoingfor the same two features of the diffraotion pattern 
from the second crystal would enable the misfit to be calculated. Unde~ 
normal diffraotion oonditions with typioal misfits of a few per cen~ 
it is not possible to resolve features from the two different diffraotion 
patterns. However, if a high resolution diffraotion faoility is 
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available it may be possible to achieve adequate resolution and this 
is the basis of the transmission high resolution high energy electron 
diffraction (THREED) technique used by Kuntze (59,101). This 
technique enables ver,y long effective camera lengths to be obtained 
and by adjusting the camera length only two diffraction spots, for 
example the (000) and (200) spots, are obtained on opposite sides of 
the viewing screen. If there is misfit between the bicr,ystal specimen 
the diffracted spot is split in two and the misfit is given by the 
ratio of the separation of the split spots to the distance between 
the (000) and (200) substrate spots. 
It is worthwhile comparing the three techniques since they 
are in some measure complementar,y. The spacing of Moire fringes and 
dislooation lines increases as the misfit decreases and hence these 
two techniques should be more suited to cases of very small misfit. 
On the other hand the separation of the split spots in ~lllliED decreases 
for decreasing misfit and hence this technique cannot be used for ver,y 
~ 
small misfits because the split spots cannot be adequately resolved. 
The dislocation and Moire techniques give information about the misfit 
in the localized area where the fringes or dislocations are seen, 
whereas the THREED technique gives an average value of misfit for the 
whole area of specimen sampled by the electron beam (typically 0.5 mm 
across). Consequently the THREED technique is not suited to cases of 
island deposits where the misfit may vary considerably from one island 
to the next. The accuracy obtainable by the dislocation and Moire 
techniques is limited mainly by the accuracy with which the 
magnification of the eleotron mioroscope is known. By calibrating the 
magnification of the microscope absolute unoertainties in misfit 
measurements of ! 0.6% in a misfit value of 5.3% have been obtained (90). 
MiSfit determination by the spacing of dislocation lines should show 
a similar aocuracy. The aocuracy obtainable with the THREED technique 
is under most oonditions oonsiderably better than this and is typioally 
about ! 0.02%. This is because relative measurements only are needed 
and henoe they are not affected by uncertainties in magnification. 
In addition a knowledge of lattioe constants is not required and another 
possible source of error is avoided. 
The ~~ teohnique is therefore the moot aoourate and is 
preferable in oases where it may be readily applied. It cannot be used 
in situations where the deposit nuoleates or when the misfit is ver,y 
small (typioally less than 0.5%). The Moire and dislooation teohniques, 
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whilst being less accurate, are applicable to island deposits and 
cases of very small misfit. In addition they give misfit information 
about localized areas which may be useful in certain circumstances. 
The ohoice of technique therefore depends primarily on the bicrystal 
system being studied. There are many occasions hOl-lever where tHO 
teohniques, or even all three, may be used and hence cross-checking 
of result~ is possible. 
1.4.6 Residual Gas Analysis 
Residual gas analysis differs from the techniques described 
previously in that it does not give struotural or ohemical information 
about a surface directly. The analysis of residual gas is performed 
by means of a mass spectrometer, which for applications in UHV must 
be bakeable. 
The importance of residual gas analysis has increased 
oonsiderably since the advent of UHV because of the accompanying 
reduotion in speoimen contamination. As a result it is now possible 
to do experiments on the interaction of specifio gases with a growing 
film. A knowledge of the gases present and their partial pressures 
is important and a mass spectrometer is essential if a controlled 
experiment is to be performed. 
The mass spectrometer m~ also be used to identify substances 
desorbed from speoimen surfaces. Thus adsorbed gases may be detected 
by removing them from the surface using teohniques such as flash 
desorption or ion bombardment. A mass spectrometer may be used to 
monitor the destructive effects of certain experimental techniques, 
and the non-stoichiometric dissociation of a KCl crystal during electron 
bombardment has been observed (28). 
Finally the mass spectrometer is of considerable importance 
in a UHV system for the detection and identification of outgassing 
components and for leak detection. 
1.4.7 Other Techniques for Surface Structure or Chemical Analysis 
Perhaps the most powerful technique of surfaoe struoture 
analysis is tha.t of field ion microscopy (FIlii), because it is possible 
to resolve individual atoms. The field ion microscope consists of a 
speoimen in the form of a sharp point, held at a high positive 
potential with respect to a flourescent viewing screen. A ga.s such as 
helium is introduced to the mioroscope tube at a pressure of a few 
millitorr, and gas atoms which go near the surface of the strongly 
positive specimen point are ionized by quantum mechanical tunneling. 
The positive ions are then accelerated to the screen where they form 
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an image of the metal surface. One disadvantage of the field ion 
microscope is that the high electric fields needed to operate the 
microscope can caune field evaporation of tho specimen surface (108). 
Hence FIN is only readily applicable to the refractor.y metals. 
Field ion microscopy is not applicable to pseudomorphism because 
on~ the outer layer of atoms is imaged and hence information about 
the interface cannot be obtained. In addition the electric field 
and the spherical specimen tip results in a situation which is far 
from that normal~ used in studies of pseudomorphism. 
A well established method of surface chemical analysis which 
in many respects is similar to AES is photoelectron spectroscopy. 
This involves direoting a monochromatic beam of radiation on a sample 
surface, then collecting and energy analysing the emitted electrons. 
The inoident radiation is normally a beam of X-rays with energies 
between 1000 and 1500 eVe Radiation of this wavelength permits 
examination of the electronio structure of the inner levels of most 
atoms, and since the energy of the emitted electron is characteristic 
of the emitting speoies chemioal identifioation is possible. 
Alternatively the incident radiation may be ultra-violet, in which 
oase the electrons emmited are from the less tight~ bound outer shells 
and information on the valence electrons may be obtained (109). 
The teohnique depends upon energy analysis of an eleotron 
which has to esoape from the sample to the vaouum, and henoe the dept~ 
sampled is similar to that for AES, depending upon the inelastio 
soattering cross-seotion. Photoeleotron speotroscopy is therefore a 
surfaoe sensitive technique and for this reason most work is now being 
done in UHV (110). The major disadvantage of photoelectron 
spectrosoopy oompared with electron induced AES is that the ionization 
cross-seotion for photons is small and hence ver,y long oounting times 
are necessary. However the emitted eleotrons do not appear amidst. a 
high background of secondary eleotrons, hence collection and energy 
analysis is more straightforward and ver.y high resolution spectra have 
been obtained (110). The application of photoelectron speotroscopy 
to surfaoe stUdies may therefore be considered as similar to AES. 
X-ray diffraotion is generally a teohnique which is not 
applioable to thin film-surface investigations because the scattering 
cross-section for X-r~s is so small. However, it has been used to 
observe dislocations in a pseudomorphic specimen (91). The technique 
for examination of dislocations generally used is that of X-ray 
diffraotion topography, in which the cr,ystal is oriented with respeot 
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to the X-ray beam so that a set of lattice planes is at a Bragg 
angle for strong reflection. The reflected beam is then examined 
photographically, and any looal bending of the lattice planes 
associated with a dislocation oauses a change in the reflection 
conditions and hence the dislocation is detected on the photograph. 
No magnifioation oocurs in recording the photograph but use of ver,y 
fine grain film enables subsequent magnification up to x500 (111). 
This magnification is still ver,y small compared with that obtainable 
by eleotron microscopy and the technique is only suitable for 
observation of speoimens with ver,y low dislocation densities 
( . 1 6 -2) tYPl.ca .ly '" 10 cm • 
Work function measurements have been used to study 
oleanliness of sample surfaces since the energy required to eject 
an eleotron is ver,y sensitive to surface oontamination. Work function 
measurements oan be oombined with LEED, using the LEED gun as an 
eleotron souroe and retarding potential methods to measure the work 
funotion (112). However it is not possible to chemically identity 
the contaminant species which is a major disadvantage. 
Comparing the teohniques used in the present work with those 
desoribed above it is seen that FIM, whilst enabling observation of 
individual atoms is not applicable to the study of an interface of 
the type that ocours between two pseudomorphio cr,ystals. In addition 
the equipment required is specialised and the necessity of a sharply 
pointed speoimen makes other analytioal techniques such as LEED and 
RHEED impraotical. 
Photoelectron spectroscopy and AES are ver,y similar in their 
range of applioation but the ver,y muoh faster soan rates of AES make 
it preferable. In addition AES is readily oombined with LEED. In 
the present context either of these techniques is preferable to work 
funotion measurements because they allow direct chemical identifioation. 
Finally the eleotron microscope is superior to all other. 
methods of observation of dislocations with the exception of dislooations 
in bulk speoimens. The soattering oross-seotion for eleotrons does 
o 
not allow penetration of samples greater than about 1500 A in thickness 
(for 100 keV eleotrons). In oiroumstanoes where the sample is thicker 
it is essential to use X-ray teohniques or alternatively to reduce 
the thickness of the sample. This problem diw not arise in the present 
oase: beoause thin films were used as substrate cr,ystals. 
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1.5 Aim of the Present Hork 
The reported oases of pseudomorphism described in section 
1.3.4 generally show reasonable agreement with the predictions of 
theor,y. Thus systems with a ver,y small bulk misfit show large values 
Of hc (the oritical thickness), whereas small values of hc are 
observed for systems with larger misfit. The system of nickel on 
oopper is one that has been investigated by many workers (Table I), 
but in this particular case the results are not all in agreemen-t. 
o 
The value of h predioted by theory (chapter 2) is about 11 A and 
o 
this result has been obtained experimentally by Matthel-Ts and Crawford 
(36), the experiments being done in UHV. Kuntze (59) carried out a 
similar series of experiments in technioal vacuum and obtained a 
o 
critical thiokness of 80 A, whereas Haque and Farnsworth (37) failed 
to observe pseudomorphism at all, even though their experiment was 
performed in UHV • . Gradmann (80) obtained results in agreement with 
theor,y when experiments were carried out in UHV, but found that 
exposure to oxygen prior to nickel deposition could completely 
pseudomorphism (60). 
inhibit 
" , 
The nickel-copper 8,Ystem was therefore in need of further 
investigation with a view to determining the cause of the above 
disorepancies. The experiments of Gradmann indioated that gas 
contamination oould play an important role and henoe a means of 
identifYing surface species was required. The AES faoility available 
was a suitable technique and it was hoped to investigate the affect 
of surface contamination on pseudomorphism, the contamination being 
monitore~ by AES. In addition copper and nickel readi~ alloy when 
in eulk form (113) and the occurrence of an interfacial alloy could 
have a oonsiderable affect on pseudomorphism. However rearrangement 
of deposited atoms on the surface should give rise to time dependent 
Auger traces and this possibility was investigated. 
Unfortunately the experiments involving calibrated deposition 
of nickel on copper could not be repeated because of the difficulty 
of constructing a Knudsen source for nickel. Niokel alloys with all 
the refraotory metals common~ used for cruoibles and at the time a 
suitable orucible material could not be found. However the reverse 
experiment of copper on nickel was possible and this should be very 
similar to niokel on oopper. In addition the system copper on nickel 
had not been investigated in UHV for deposition at room temperature 
and the experiment is reported in detail in chapter 6. 
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As a preliminary to the above experiments the quantitative 
application of AES was investigated using the system of silver on 
niokel. A means of preparing niokel substrates had been developed 
for the copper-nickel experiments and a suitable deposit material 
was required. Silver was chosen because it is comparitive~ easy to 
construot a Knudsen source for silver and in addition a vapour source 
for silver was required for a different series of experiments (29). 
Also silver has a comparitively low surface free energy (114) and 
hence is likely to grow in l~er by l~er fashion on most metal 
substrates. Finally silver and nickel give rise to Auger signals 
which are well separated in energy, making detection simpler, and 
nickel-silver is not a system which alloys in bulk form (113). 
A simple model relating observed Auger intensities to amount 
of deposited material had been proposed by Gallon (47) and the 
application of this model to silver deposited on nickel was investigated. 
The results of the silver-nickel investigation are reported in detail 
in chapter 5. 
In summary therefore the aims of the present work were: 
(i) to investigate pseudomorphism for the system of copper, 
deposited on nickel, 
(ii) an investigation of the affect of contamination on 
pseudomorphism between copper and nickel, 
(iii) to investigate the possibility that alloying m~ occur 
at the interface between metal-metal bicr,ystals, 
(iv) as a preliminary to the above studies to investigate 
the quantitative applioation of AES to systems which exhibit l~er by 
l~er growth and the possibility of using AES to deteot surfaoe 
rearrangement in such systems. 
35 
---------~ 
CHAPTER 2 
THEORETICAL TREATMENT OF PSEUDOMORPHISM 
2.1 Introduction 
The first theoretioal consideration given to the l~er 
growth of a single crystal of material A on a single orystal substrate 
of material B was by Frank and Van der llIerwe (49,50). Their , simple 
model consisted of a one dimensional ohain of balls held togethen by 
springs of equal length and strength. The chain of balls rests on 
the bottom of a horizontal frictionless trough on which there is a 
sinusoidal oorrugation of low amplitude, Figure 2.1. 
Figure 2.1 Schematic representation of the simple model of Frank 
and Van der Nerwe. 
The variables involved in the model are the length and elastic 
strength of the springs and the height and spacing of the corrugations. 
Complete pseudomorphism occurs if the springs are deformed so that 
each ball rests in the bottom of a trough and there are no empty 
troughs. On the other hand pseudomorphism does not occur if the 
springs remain rigid and the separation between the balls is unchanged. 
The intermediate oase arises when partial deformation of the springs 
occurs so that some of the balls are in the base of a trough and the 
mean separation between the balls is changed. Frank and Van der Merwe 
were able to show mathematioally using the above model that for the 
intermediate oase there would be large regions of very good fit 
separated by relatively small regions of poor fit. The regions of 
poor fit were termed misfit dislocations. 
The original theory has been oonsiderably extended and is 
disoussed in more detail in tho next section, under the title of 
equilibrium theory, sinoe the results are obtained by use of the 
36 
methods of equilibrium thermodynamics. In seotion 2.3 a more recent 
theoretical approach due to Matthews and Crawford (36) is described 
in which account is taken of the disorete nature of the relaxation 
of elastic strain. 
2.2 The Equilibrium Theory 
2.2.1 Two Dimensional or Lsrer Growth 
Following the original paper in 1949 Van der Merwe and 
oo-workers (115,116,117,118,119) have considerably extended the 
mathematical treatment to enable the analysis of more realistic models 
of pseudomorphism between two crystals. The basic procedure is to 
determine the sum of the elastio strain energy and the energy of the 
dislocations and to assume that the equilibrium configuration occurs 
when this sum is a minimum. This assumption is not automatically 
justified since crystal growth is a dynamioal process and is concerned 
with events on a mioroscopio soale. The methods of equilibrium 
thermodynamics are not sufficient to describe a process of this kind. 
However the assumption is normally justified on the grounds that it 
leads to results which are in reasonable agreement with experiment (121). 
The calculation of the energy associated with elastio strain 
in the film is straightforward providing the film strains uniformly 
throughout its thiokness. For the case of elastio strain along one 
direotion in the film plane the energy is given by (36) 
(2.1) 
where h is the film thiokness, . v is Poisson's ratio, £ is the 
elastio strain and Go is the shear modulus of the overgrowth. The 
oalculation of the interfacial energy due to the grid of misfit 
dislooations is not so straightforward and depends upon the model used 
for the tangential interfacial forces. In the original one-dimensional 
model of Frank and Van der l<lerwe the form of the interfacial potential 
energy was assumed sinusoidal. A refined model includes a second 
harmonic term in the Fourier series whioh allows the shape of the curve 
to be varied (120). Finally the simplest representation from the 
analytical point of view, though less realistio, is the parabolio model 
in which the interaotion potential is obtained by joining successive 
parabolio aros. The various representations are compared in Figure 2.2. 
The tangential interfaoial shear stress is obtained from the potential 
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Figure 2.2 Graphs of the interfaoial potential energy v relative 
atomio displacement. 
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energy by differentiation. 
The parabolio and sinusoidal models oan be used to obtain 
an exaot solution for the interfaoial energy Ed' whioh for the 
sinusoidal representation yieldS 
Ed = ~t1 + P -( 1 + p\)~ pin [2"1+ (ft~ 2P" ] } 
4 TT2. 
(2.2) 
where 
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The misfit between the unstrained lattices is represented by f, b is 
tlie magnitude of the Burgers vector of the dislocations and G , G 
o s 
and Gi are the shear moduli of the overgrowth, substrate and interface 
respectively. v is Poisson's ratio, assumed equal for the interfa.ce, 
substrate and overgrololth. Three assumptions made in the derivation 
of equation 2.2 are that misfit exists along one direction only, that 
the misfit dislooations are in pure edge orientation with Burgers 
veotors in the interfaoe and there is no interaotion between 
dislooations. 
If the minimum value for Ed + E £ is found then the following 
equation for £ in terms of the film thiokness h is obtained 
£ = -_G=-, b-...._-=+_--..-_ I n [ 2 P (1 + p"t" - 2 p" ] 
4 n h 
This' expression for £ prediots that if the misfit is large (greater 
than about 10%) then most of the misfit will be acoommodated by misfit 
dislooations (117). If the misfit is small all of the misfit m~ be 
aooommodated by elastio strain until a oritioal thiokness h is 
o 
reaohed. That oomplete ooherenoy between the substrate and overgrowth 
is energetioally possible aooording to this model is demonstrated by 
Figure 2.3. When there is no homogeneous' strain the interfacial 
energy inoreases with misfit aooording to ourve A. The elastic strain 
energy inoreases proportional to the square of the strain £ and is 
shown by ourve B. Over the range of misfit 0 to a oritioal value f , 
o 
B is below A and the ooherent state is the one of lowest energy. 
Beyond f the misfit is aooommodated partly by homogeneous strain and 
o 
partly by misfit dislooations (121). 
The equations given above can be modified to hold for systems 
in which there is misfit along two perpendioular interfaoial direotions 
(55) and similar prediotions are obtained. 
The form of equation 2.4 for the equilibrium elastio strain 
is interesting in that u prediots that onoe oomplete ooherency is 
lost the overgrowth film rapidly returns to its bulk lattice parameter. 
This is shown sohematioally in Figure 2.4 for the hypothetioal oase 
of an overlayer whioh is oompletely ooherent up to four monolayers. 
This feature is oommon to all the equilibrium theories of pseudomorphism 
and is not in general agreement with experimental results (120). 
39 
> 
CJ 
a: 
w 
2 
w 
0.1 
A 
MISFIT 
Figure 2.3 Curve B illustrates the fact that for a range of misfit, 
o to f there is a reduotion in the total energy if the 
film i~ complete~ coherent. The arrow represents the 
reduotion in energy for a particular value of misfit. 
z 
-
. « 
a: 
I-
tI) 
2 6 8 
NUMBER OF LAVERS 
Figure 2.4 The variation in overgrowth lattioe oonstant once complete 
ooherenqy is ,lost. 
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2.2.2 Island Deposits 
In the case of island deposits the elastic strains in the 
overgrowth are considered inhomogeneous, in that they are largest 
in the interface and decrease with distance along the normal to the 
interface. Therefore for a given strain at the interface the total 
elastic strain energy will be smaller for an island deposit than 
for a continuous film. The first analysis of the strain energy for 
an island was performed by Cabrera (54) who assumed that the over-
growth consisted of hemispherical islands of radius R and that the 
inhomogeneous' elastic strains were radial strains. The total elastic 
strain energy assooiated with a radial elastic strain at the interface 
Was found to be 
The interfacial energy will be the same as for the oontinuous over-
growth except that it must be multiplied by tho contact area n R2. 
The equilibrium elastic strain is found by minimising the sum of 
elastio strain energy and interfacial energy in the same w~ as for 
continuous deposits (55). 
If the misfit is small, then in an analagous manner to a 
oontinuous deposit, the islands m~ initially be complete1y coherent. 
The radius of the island at whioh Qomplete coherenqy is lost is known 
as the oritical radius R , and a table of values of R and h have 
c  
been oaloulated for various metal-metal oombinations b.1 Jesser and 
Kuhlmann-Wilsdorf (55). Their results are reproduoed in Table II. 
In Table II critioal values are listed for both R and h , but 
o c 
normally a given deposit-substrate system would displ~ either l~er 
growth only or island growth only, depending on the values of surfaoe 
free enorgy. It may however be possible for the deposit morphology 
to ohange with different substrate temperatures and an example of this 
will be desoribed in chapter 5. 
It oan be seen from Table II that the value of R at which an 
o 
island loses ooherenqy is muoh larger than the corresponding value of 
h at whioh the oontinuous film beoomes non-ooherent. 
. c 
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TABLE II 
Deposit - Substrate Misfit h R ~ y o yo , A A 
Pt - Au 3.94 4 82 
Au - Cu 11.35 2 24 
Au - Ni 13.60 1 18 
Ni - Ag 14.7 1 9 " 
Ag - Au 0.18 243 5128 
Pd - Pt 0.86 45 ' 881 
Pd - Au 4.84 4 74 
Cu - Ni 2.63 11 205 
2.2.3 Elastio Substrates 
In the equations described so far it has been assumed that 
the elastio deformation ocourred in the overgrowth. This is 
normal~ a good assumption, since in a typical experiment the 
thiokness of the substrate would be an order of magnitude greater 
than the thickness of the deposit. If however the deposit and 
substrate thicknesses are oomparable then the possibility of the 
substrate deforming cannot be ignored. This situation has been 
analysed by Jesser and Kuhlmann-~~ilsdorf (55) and it is found that 
values of h are inoreased if some of the misfit is taken up by 
c 
elastio strain in the substrate, as one would expect. 
2.3 An Alternative Thoorx 
2.3.1 LaYer Growth 
The variation of elastio strain with overgrowth thickness 
can be oalculated by considering the foroes aoting on dislocations 
alre~ present at the interface. It has been found (36,73) that for 
Some systems the misfit dislocations are not pure edge type with 
Burgers veotors in the plane of the interface, but have Burgers vectors 
inolined to the interface. In the case of f.o.o. materials and an 
(001) interfaoe these dislooations have Burgers vectors of the type 
ta [OllJ , which accommodate only half the misfit accommodated by a 
ta [llOJ t,ype of dislooation. They are therefore ineffioient 
dislocations for aooommodating misfit. They are however dislooations 
whioh are able to glide on (111) planes and can therefore move into 
the interfaoe to aooommodate misfit. This is not the oase for the 
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pure edge type dislooation. Further, misfit dislooations with 
inolined Burgers v~otors onn be produoed by extension of alrendy 
existing diolocntions whooo linoa extend through tho fJubotrato and 
overgrowth. This mechanisDI was first proposed and observod by 
Matthews (57) and the process is shown schematioally in Figure 2.5. 
The dark outline in the figure represents a seotion of a glide plane 
in the bicr.ystal. The interseotion of this plane and the plane of 
the interfaoe is shown by the broken line. In Figure 2.5a the 
double outline shows an existing dislocation extending through the 
substrate and overgrowth. Figure 2.5b shows the same dislocation 
after it has undergone glide and has produoed the length AB of misfit 
dislooation. 
Figure 2.5 
( a) 
( b) 
The formation of misfit dislooations by slip of existing 
dislooations a) before sl~p b) after slip. 
43 
If one considers a dislocation already present, then the 
length of dislocation line will only increase if a force acts upon 
the dislocation. This is because an increase in the length of a 
dislocation results in an increase in the self energy or line tension 
of the dislocation (56). The dependence of elastic strain with 
overgrowth thiokness may be determined by equating the foroe acting 
on the dislocation with the tension in the misfit dislooation line (36). 
The foroe aoting on a dislocation is a result of elastic 
strain £. in the overgrowth and is given by 
2 Go £ b h (1 + v) cos }.. (2.6) 
(1- ~ 
where).. '. is the angle between the slip direction and that direotion 
in the plane of the film which is perpendicular to the line of 
interseotion of the slip plane and the specimen surface. The t ension 
in a dislocation line is given by 
, a. ( " ) Gjb + G(b 1-v cos Q 
1 0 . 4n (1- v) 
In h 
b 
(2.7) 
where Q is the angle between the line of the dislocation and its 
Burgers veotor. The first term in equation 2.7 is the oore energy 
of the dislocation and the second term is the elastio strain energy 
of a mixed dislooation. If expressions 2.6 and 2.7 are equated then 
the following equation for £ . in terms of h is obtained. 
. (2.8) 
The form of equation 2.8 for the system nickel on oopper is shown 
in Figure 2.6. 
that the 
with his 
For the particular oase of nickel on copper Matthews found 
o 
predicted value of h - 10 A was in reasonable agreement 
o 
experimental results. For large deposit thioknesses the 
theor,y onoe again prediots a muoh smaller value of elastio strain 
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Figure 2.6 The predicted variation of elastic strain with thickness. 
than was actually observed. If the possibility of interaction 
between dislocations was taken into account this discrepanc,y for 
thick over1~ers was removed. To allow for dislocation interaotion 
Matthews assumed that the elastic strain in the film was £' larger 
than the strain predicted by equation 2.8. The additional force on 
dislocations as a result of this is given by 
2 Go£· b h( 1 +v) cos). 
1-v 
The force of interaction between a pair of dislocations with anti-
parallel Burgers vectors, a distanoe n apart is given by 
(2.10) 
. 2lT r cos cj> 
where cj> is the angle between the film surface and the normal to the 
slip plane. Thus' the additional elastic strain that can be supported 
by interacting dislocations is 
£"_ 1-v b 
- 4-o{h~ cos). cos cj> ;-
(2.11) 
In order to find a value for £x it is necessary to consider the 
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probability o~ a given dislocation meeting another dislocation with 
an antiparallel Burgers vector. Matthews has estimated this for the 
nickel-copper S,Ystem and obtains an approximate value for the 
additional elastic strain given by 
£tc ':::! f _ £ (2.12) 
10 
From equation 2.12 it can be seen that the additional elastic strain 
, 
is negligible in the region where most of the misfit is accommodated 
by elastic strain i.e. (: I'V f • However, when most of the misfit is 
accommodated by dislocations then (: is substantially less than ~ 
and (:~ is then significant. 
It is interesting to note that in a system such as nickel-
copper where misfit dislocations are formed by extension o~ existing 
dislocations, the ease with which the equilibrium number if misfit 
dislocations is ~ormed will depend upon the number of dislocations 
already present. There~ore if a substrate were used in which there 
were an abnormally low number of dislocations present a much higher 
percentage of the misfit would have to be accommodated by elastio 
strain. This is beoause the stress needed to nucleate a new 
dislocation is ver,y high (56). 
Similarly, if there are impurities present which impede the 
motion of existing dislooations or inorease the interfaoial shear 
modulus then again a higher peroentage of the misfit would have to be 
aooommodated by elastio strain. 
2.3.2 Island Growth 
The alternative theor,y described above was initially applied 
to a partioular situation in which the misfit dislocations were formed 
by glide of existing dislocations. This mechanism does not 
neoessarily operate in the case of island growth since dislocations 
can be readily formed at the edges of an island. However, Matthews (85) 
has recently shown that the oase of island growth can be analysed in 
terms of the dislocations present and that by doing so features not 
present in the analysis of Jesser and Kuhlmann-Wilsdorf are revealed. 
The model is based on the elastic strain reduction in a 
deformed three dimensional island; when a dislooation is introduced to 
acoommodate Bome of the misfit, Figure 2.7. 
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Figure 2.7 A three dimensional island containing one misfit 
dislocation. 
If the height of the island Z is assumed to be dependent 
upon the width of the island X (explicit~ Z • pX, where p is a 
constant) then in an island containing n dislocations in the X 
direction and n dislocations in the ' Y direction the (2n + l)th 
dislocation will be introduoe~ when the island dimension is given by 
x = b r.1- v + 2n + 1 + 2vnJ 
"".1 2f( 1 + v) L2P (2.13) 
For the system oopper on nickel, assuming a value of p • %, Matthews 
obtained the dimensions of the oopper islands at which dislooations 
should be introduced as shown in Figure 2.8. The variation of 
elastio strain £ with island size predioted by the above analysis 
is shown in Figure 2.9. 
Figure 2.9 shows that the value of the elastio strain should 
ohange abrupt~ eaoh time a misfit dislocation is introduced. This 
sawtooth behaviour of the elastic strain has been observed by 
Vinoent (90) for small tin islands on tin telluride and is a feature 
not predioted by original equilibrium theories. Recent modifications 
to the equilibrium theor,y by Jesser and Van der ~lerwe (122,123) in 
which oonsideration was given to the discrete nature of island growth 
do however prediot a sawtooth dependenoe. 
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Figure 2.8 The figure shows the stages during island growth at which 
misfit dislocations should be introduced. The heavy 
continuous lines are the borders of each island, the fine 
continuous lines are existing dislocations and the fine 
broken lines are dislocations about to be formed. 
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Figure 2.9 The variation of elastio strain in an island with the 
island width X. 
2.3.3 Accommodation of Misfit by Partial Dislocations 
In the preceeding sections it has been assumed that 
aooommodation of misfit is effected by complete dislocations, i.e.a 
dislocation for which the Burgers vector is a oomplete lattioe 
translation. This m~ not always be the oase and it has been shown 
by Matthews (69) that in some circumstances it is energetioally 
favourable for misfit to be accommodated by partial dislocations, 
i.e. dislocations for which the Burgers vector yields a new lattice 
configuration. Assooiated with partial dislocations in f.c.c. 
struotures is a region of staoking fault and henoe in crystals with 
negative stacking fault energy partial dislooations are to be 
expeoted (51,58,14,11). However accommodation of misfit by partial 
dislooations m~ be possible in certain films with positive stacking 
fault energy and Matthews has shown this to be the case for thin 
deposits of silver (69). 
2.4 Comments on the Theoretical Treatments of Pseudomorphism 
The basio oonoept of the equilibrium theory of pseudomorphism 
is that the state of a particular biorystal system will be determined 
by minimisation of the sum of elastio strain energy and interfaoial 
energy. It is therefore assumed that the equilibrium number of 
dislocations will always be present. This may not be the case, 
particularly for systems which exhibit layer growth, since a large 
stress is required to nuoleate new dislocations (56). In bicrystal 
systems in which the misfit dislocations are produoed b.Y extensioru 
of existing dislooations there is the possibility that dislocation 
motion oould be restricted by impurities, and again the equilibrium 
length of misfit dislooation would not be formed. 
It has already been mentioned in seotion 2.2 that the use of 
equilibrium thermodynamics is striotly not applicable to the dynamic 
prooess of orystal growth. This limitation could be partioularly 
serious in growth situations where the normal equilibrium conditions 
are not achieved, e.g. for very high deposition rates or for systems 
in which a metastable growth morphology occurs (ohapter 5). In spite 
of these limitations the equilibrium theory does give results which 
are in reasonable agreement with experiment for thin overlayers. 
The prediote~ values of critioal thiokness given in Table II are, in 
several oases, in good agreement l~ith the . experimental determinations 
listed in Table I. However, the equilibrium theory prediots that a 
ver.y rapid return to the bulk lattioe parameter should ooour onoe 
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-coher ence in an overgrowth is lost. This prediction i s not supported 
by experimental evidence (36,59,73,75). The d i fficult.y of formi ng 
the equilibrium number of dislocations could explain this discrepancy, 
but this additional factor could not be readily included in the 
theor,y. One other experimental finding not predicted by the 
equilibrium theor,y is that in some cases thick overgrowth films m~ 
show considerable elastic strain (36,59). I.latthews (73) has 
suggested that this could be a result of dislocation interaction 
when the densit,y of misfit dislocations beoomes high. One of the 
initial assumptions of the equilibrium theor,y is that there is no 
"\ 
interaotion between dislooations and hence it seems likely that this 
assumption results in the poor agreement between theor,y and experiment 
for thicker films. 
The alternative theory of ~latthews desoribed in seotion 2.3 
is a much simpler approaoh and for the oase of nickel on copper gives 
prediotions whioh are in good agreement with experiment (36). The 
equations do hOl-Iever contain a term involving the core energy (j f a 
dislooation, this term being an approximation sinoe an exaot 
expresaion for the core energy is not known (56,125). This could be 
particularly significant since omission of this term from the equation 
gives a result which does not predict the oocurence of pseudomorphism 
for nickel on copper (36). The theory docs have one particular 
advantage, apart from its simplicity, and that is the possibility of 
inoluding a term to take into aooount the interaotion between 
dislooations. Inclusion of this term gives prodi~tions for the 
variation of elastio strain against thickness whioh are in much bette~' 
agreement with experimental results for thicker deposits than the 
predictions of the equilibrium theory. In addition Matthews has 
extended the theor,y to cases \-,here misfit is accommodated by partial 
dislocations separated by a region of staoking fault and has obtained 
good agreement with experiment for the systems cobalt on copper (73) 
and silver on palladium (69). 
Comparing the two different theories for cases of 
pseudomorphism in l~er deposits it is found that both theories give 
prediotions for h which are in reasonable agreement with experiment. 
o 
However, the accuraqy of experimental techniques, particularly with 
regard to thickness determination, is not sufficiently good to enable 
distinotions. to be made. In addition, both expressions for the 
equilibrium elastic strain involve the interfaoial shear modulus whioh 
50 
is not known. For oases of thioker deposits the failure of the 
equilibrium theor,y to consider interaction between dislocations 
could explain the considerable discrepanqy between the theor,y and 
experimental results in these circumstances. In this respect the 
approach of Matthews is preferable since the interaction of 
dislocations oan be inoluded and theoretioal results in agreement 
with experiment obtained. 
Comparison of the two different approaches when applied to 
island deposits is more difficult because in the most reoent 
treatments both theories prediot a sawtooth dependence of the elastio 
strain. (85,123). This sawtooth behaviour has been observed by 
Vincent for tin islands on tin telluride (90) and the failure of 
earlier investigators to obtain this dependence was probably a result 
of insuffioient data. The treatment of Matthews does however contain 
the faotor p, relating island height to island width. Generally p 
would not be known for a partioular island and different values of p 
give rise to oonsiderably different values of island size at which 
dislocations would be expected to be introduced. In this respect 
the treatment is unsatisfaotory, although an eleotron microsoope 
investigation should enable an average value of p to be obtained for 
a partioular amount of deposited material. This will be disoussed 
fUrther in chapter 6. . It is significant that using a value of p • % 
Matthews prediots that the first dislooation in an island of 
oopper on niokel should be formed when the island size is less than 
o 
100 A. The theor,y of Jesser and Kuhlmann-Wilsdorf predicts complete 
, 0 
coherenqy for the copper up to an island diameter of 410 A and 
Matthews (85) has in fact observed oompletely coherent islands of 
o 
copper of 350 A diameter. 
It is worthwhile considering the relevance of the theories 
outlined to the aim of the present work described in seotion 1.5. 
The initial experiments involved the deposition of silver on nickel, 
the misfit between these two materials being l4.7~~. Referenoe to 
Figure 2.3 shows that one would not expect to observe oomplete 
pseudomorphism if the silver forms a two dimensional layer. Similarly 
reference to Table II shows that if the silver forms three dimensional 
o 
islands the oritioal radius of such islands would be less than, 20 A 
making them difficult to observe. The deposition of oopper on nickel 
was already known to exhibit pseudomorphism and experiments were 
performed. in an attempt to disoover the role of contamination in 
51 
determining the value of the critical thickness. However, the 
affect of contamination on the movement of dislocations oannot be 
readily included in the theory, although it might be more easily 
inoluded as an additional term in the approach of !,Iatthews. 
Nevertheless the approaoh of l,jatthel-Ts does give a clearer pioture 
of the w~ in which dislocations are introduoed in some systems, and 
intuitive~ one might expect the presence of impurities to have an 
affect on the motion of these dislocations. Finally the deposition 
of oopper on hot nickel was known (59,85) to result in island growth 
of the copper. Hence a oomparison of experimental results with the 
island theory of Matthews was possible and in partioular an attempt 
was made to obtain values for the faotor p. 
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CHAPTER 3 
QUANTITATIVE AUGER ELECTRON SPECTROSCOPY 
3.1 Introduction 
The majority of applications of AES to date have been 
ooncerned with qualitative information regarding chemical species 
present on a surface. If AES is to realise its full potential as 
an analytical technique it must be made capable of yielding 
quantitative information. Quantitative interpretation of Auger 
spectra can be made most readily in cases of submonol~er deposits, 
in which a material A is deposited on another material B and grows 
uniformly flat. In this case the Auger current from A should be 
linear with fractional coverage 9 , and is given by (104) 
where IlA is the Auger current from a oomplete monol~er of A. 
In praotioe most Auger speotrometers do not measure Auger current 
2 directly, but measure ~. However, Weber and Johnson (103) have 
pointed out that, if 
°th d2I W1 ooverage , 
cm2 
measure of I. 
dE2 
the shape of the Auger peak does not change 
is proportional to I and henoe m~ be used as a , 
Investigation of the Auger signal from submonol~er deposits 
has been oarried out for a number of systems. Weber and Johnson 
depoei ted known amounts of potassium and caesium on to germanium and 
silicon (Ill) surfaoes. They were able to show that the deposit 
Auger signal was linear with coverage, if all speotrometer parameters 
were held oonstant. ~lusket and Ferrante (128) investigated the 
adsorption of oxygen on a tungsten (110) surface. They employed a 
baokground nulling teohnique whioh allo,.,ed N(E) (or~) to be 
measured direotly, and the strength of the Auger signal was taken as 
the area under the peak. Assuming that saturation adsorption 
oorresponded to one monol~er of oxygen they were then able to 
investigate the adsorption as a function of oxygen exposure. They 
also found that the oxygen peak shape did not ohange with ooverage, 
in agreement with the assumption made by Weber and Johnson. 
A similar experiment was performed by Florio and Robertson (129) 
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for chlorine adsorption on silioon (Ill). Once again saturation 
adsorption was taken to be one monolayer coverage, following which 
chlorine adsorption as a function of exposure was investigated. 
The experiment was repeated for several different substrate 
temperatures and values for the stioking ooefficient obtained. 
A somewhat more complex system which is also capable of 
quantitative interpretation is that of layer gro~~h. In this system 
the deposit material A grows uniformly in layer by layer fashion on 
the substrate material B, as distinot from the commonly observed (2) 
nuoleation and growth mechanism in whioh the initial deposit forms 
three dimensional islands. As desoribed in ohapter 1, this type of 
layer growth is expected when the surface free energy of the substrate 
is greater than that of the deposit plus the interfaoe •. 
Investigations of the dependence of the Auger signal on 
deposi t thiokness have been carried out in a number of cases invol.ving 
systems exhibiting layer by layer growth. Palmberg and Rhodin (130) 
investigated the growth of silver on gold and from the fact that the 
. gold Auger signal disappeared rapidly with silver deposition conoluded 
that layer growth was occuring. The Auger signal strength was 
monitored as silver was deposited in stages on to the gold, the mono-
layer calibration being determined from the disappearance of a feature 
assooiated with gold in the LEED pattern. In a similar experiment 
Ridgeway and Haneman (131) observed the thickness dependenoe of Auger 
signals as iron was oondensed on to silicon (Ill). The deposit 
thiokness was oalibrated using a quartz crystal ratemeter. 
Seah (40) used a similar ratemeter calibration to observe 
the thiokness dependence of the Auger signals when Silver, beryllium 
and oopper were, each in turn, oondensed on each other. 
In a -reoent investigation Tang and Wehner (132) studied the . 
dependenoe of the relative Auger signals with thiokness as molybdenum 
was sputtered on tungsten, and vice versa. They calibrated tho deposit 
thickness by optioal interferometry on a thiok specimen prepared under 
identioal experimental conditions. 
In the experiments referred to above some subsidiary 
assumption was made regarding the oalibration of deposit thickness. 
In the oase of the ratemeter determinations it is necessary to assume 
that the stioking ooeffioient on the ratemeter and substrate are equal. 
The use of features assooiated with the tEED pattern from the substrate 
may be unoertain in that the features may disappear before complete 
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coverage has been obtained. If the deposit is growing in true layer 
fashion then as high coverage develops the area of substrate exposed 
to the LEED beam ml\Y be very small. For these regions of substrate 
to give rise to well defined diffracted beams the size of the region 
must be of the order of the coherence length of the electron beam 
(133). The ooherenoe length for 100 eV eleotrons in a typical LEED 
system is of the order of 250 ~ (96). Therefore if the regions of 
substrate exposed are less than this value it is unlikely that the 
substrate diffraotion pattern would be observed, even though complete 
coverage has not been obtained. Film thickness determination by 
optioal interferometry should give a reliable value for the total 
film thiokness (42), it does however ignore the possibility that the 
sticking ooeffioient of A on B ml\Y be different to that of A on A. 
This oould lead to considerable error in the determination of deposit 
thiokness in the ver,y early stages. 
A model for the growth of the deposit Auger signal with 
thickness has been proposed by Gallon (47) for the oase' of ll\Yer 
growth. This model is described in the next seotion, and it will be 
shown that for true l~er by l~er growth an absolute oalibration of 
deposit thickness is possible, requiring no subsidiar,y assumptions 
about stioking ooeffioients. The only pre-requisite, apart from a 
system exhibiting layer growth, is a oonstant arrival rate of the 
deposit material. 
3.2 The Simple l~odel for Layer Growth 
In the model due to Gallon (47) the or,ystal is regarded as 
being made up of atomic planes labelled 1,2,3, ••• n, parallel to the 
. speoimen surfaoe, n • 1 being the outermost layer. The production 
of a baok soattered Auger ourrent due to an inoident eleotron beam 
penetrating into the or,ystal is described in terms of the probabilities 
of a primar,y eleotron reaohing the nth layer, of an Auger eleotron 
being produoed there, and of this Auger eleotron esoaping baok through 
the (n - 1) l~ers to the vacuum. Summing the contributions gives the 
Auger current from n layers as 
(3.1) 
where Il is the ourrent from one monolayer and I~ is the ourrent from 
bulk material. 
The aim of the model is to deduoe the thickness of an overlayer 
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solely from the strength of its Auger signals, there being no prior 
assumption of values for sticking coefficients. In addition it should 
be possible to determine the mean escape depth for the particular 
electrons contributing to the Auger signal. 
If R is the arrival rate of a material A at the surface o~ 
a material B (in monolayers. s-l), Sl is the stioking ooeffioient o~ 
A on B, assumed independent of coverage, and t is the time since the 
start of deposition, the initial Auger current is given by .-
where Il is the ourrent from one monolayer of A. The linear increase 
of the Auger ourrent with deposition time continues up to a time t1 ' 
which corresponds to oompletion of the first layer. When the seoond 
layer begins. to develop the Auger ourrent will be given by 
where 9 is the fractional ooverage of the seoond layer and 12 is 
the Auger current from two layers, given by equation 3.1 with n a 2. 
The fraotional coverage at a time t is given by 9. RS 2 (t - t l ), 
where S2 is the stioking ooeffioient of A on A, again assumed to be 
independent of ooverage. Substituting for 12 in equation 3.3 .gives 
IA - Il ( 1 + 9 (1 -.2 ») 
loO 
so that there is a linear inorease of Auger current with ooverage 
as the second layer develops. If t is the time that corresponds to 
th n 
the completion of the n layer then the Auger ourrent from n layers 
is given by equation 3.1 with n - 1 + RS2(tn - t l ). The dependenoe 
of IA on t from this analysis is shown in Figure 3.1, whioh is drawn 
for the hypothetioal oase in which ~ - 0.4. In addition the sticking 
laO 
ooeffioients Sl and S2 have been assumed equal~ 
The dependence is piece-wise linear, thore being abrupt 
changes in the slope at integral values of the layer number. In cases 
of true layer by layer growth and with data of suffioient accuracy 
it should be possible to distinguish the linear portions. In praotioe 
the experimental aoouracy and deviations from true layer growth may 
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Figure 3.1 Deposit Auger signal as function of deposition time 
according to model. 
make this difficult. It is of particular importance to be able to 
locate the time t l , corresponding to completion of the first l~er, 
and inspeotion of equation 3.1 shows that 
I 1 - I • n+ n 
whioh means that the most abrupt ohange in slope ooours at n • 1. 
Henoe the disoontinuity in the slope corresponding to completion of 
the first l~er should be the easiest to discern. In addition the 
ratio of 51 to 52 affects the ease of location of t l , 51> 52 making 
the ohange of slope more abrupt, and vioe versa. If tl can be 
looated the current Il from the first l~er of deposit is immediately 
obtainedi. 
It is also important to obtain a value for I~, the Auger 
ourrent from the bulk for material A. This will be determined 
experimentally at long deposition times when the current becomes 
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oonstant to wi thin the experimental accuracy. The value of Ioo so 
obtained should be independent of any deviations from true layer 
growth that might ocour in the earlier stages, providing a thick 
oontinuous deposit is eventually formed. 
If the aoourac,y of the experimental data does not allow the 
identifioation of linear portions in the IA versus t ourve beyond the 
initial layer then n may be treated as a oontinuous variable, and 
equation 3.1 beoomes 
(3,.6 ) 
where n a 1 + RS2(t-tl ). Rearranging equation 3.6 gives 
log (1 - ~) 
laO 
- 1 + RS2(t-tl ) log (1 - ~) loo (3.7) 
It should therefore be possible to obtain a value for tl from the 
departure of a plot of log (1 - ~) versus t from linearity, as well 
Ioo 
as from the IA versus t data. 
Referenoe to equation 3.2 shows that the initial slope of 
the IA versus t plot equals (RS1), and henoe Sl may be oalculated if 
R is known. The graph of log (f - ~) versus t for the region t> tl 
IoD 
should give a straight line of slope RS210g(1 - 3!), enabling S2 to b~ I ... 
oaloulated. Sinoe (RS1 ) and (RS2) mEV be found the ratio of Sl to S2 
oan be oaloulated even if R is unknown, hence the time for growth of 
a monol~er of A on A oan be obtained. This enables the total deposit 
thiokness to be oalculated. 
Similar results may be deduoed for the deoay of the Auger 
Signal from the substrate, thus 
where I1BA is the signal from the substrate covered b.Y one layer of 
A, and ~~ is the signal from the clean substrate. Hence the decay of 
the substrate signal should be linear up to a time t l • Similarly 
where, as before, n - 1+RS2(t-tl ). Equation 3.9 m~ be rearranged to 
give 
(3.10) 
and hence the sticking coeffioient 52 m~ also be obtained from a 
semi-logarithmic plot of the substrate signal. The departure of the 
above plot from linearit.y yields another estimate of the value o~ t . 
. 1 
and henoe for true layer gTotnh ~our values ~or tl should be possible, 
enabling a more oonfident determination. 
If the growth of the overl~er is oonsidered to be quasi-
continuous, equation 3.1 m~ be expressed as 
IA a I dJ (1 - exp - .! .) ( 3.11) 
xo 
where x is the thiokness o~ the overl~er. The parameter Xo is o~ten 
taken to be the mean escape depth (40), though to do so ignores the 
initial linear portion of the graph. It is shown by Gallon and 
Matthew (104) that in terms of the model just described, the mean 
escape depth is given by 
(1 -~) (1 + -=---=1=---_ 
IdJ log I.o 
) (3.12) 
-I.o- Il 
where no is expressed in atomic layers. 
The model as described assumes that all the Auger electrons 
are produoed by the primary beam as it passes through the overlayer 
and into the substrate. However some of the primary electrons m~ 
undergo large angle inelastio scattering and pass back towards the 
surface. If these electrons still possess sufficient energy to cause 
ionization of deposit or substrate atoms in the surface region this 
will lead to an enhancement o~ the Auger yield. This backscattering 
effect oan be formally allowed for by de~ining a baokscattering faotor 
r, where r>l, such that the incident electron ourrent I is replaoed p 
by rI • p I~ the backsoattering faotor remains constant throughout the 
deposition o~ material A the model still applies, since the enhanced 
Auger ourrent may be allowed for in the probability faotor for 
produotion of Auger eleotrons (41). The baoksoattering faotor increases 
with inoreasing atomio number (40,134) and henoe systems for which the 
above model is likelY to applY are those in whioh the substrate -
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condensate materials are of similar atomio number. If the materials 
are of markedly different atomic number the model should still apply 
in the early stages of deposition, . since the majority of back-
scattering will occur in the substrate and hence will remain constant. 
However, as the deposit thickness increases the backscattered 
electrons will gradually originate from the overlayer, causing the 
flat portion of the ourve in Figure 3.1 to have a slight upward or 
downward slope to a new saturation value for I.o. A consequence of 
this is that use of equation 3.12 for the mean escape depth may give 
rise to uncertainty. However, if the baokscattering faotors for the 
deposit and substrate are kno~m the value of I~ observed oan bo 
oorreoted, using the equation (40) 
• ( 3.13) 
\ 
in which r A and r B are the backsoattering faotors of deposit and 
substrate respeotively, I~ is the saturation value observed and I~ 
is the saturation value that ~lould have been observed l-lith constant 
baokaoattering factor. Values of baokscattering factor for a number 
of elements of differing atomio number have reoently been obtained 
by Smith and Gallon (134), and the affeot of differing baokscattering 
faotors has been investigated by Tarng and Wehner (132). The results 
of Tarng and tiehner substantiate the discussion given above. 
Finally consideration may have to be given to the electron 
trajectcr,y through the overlayer. This is because Auger electrons 
prcduced a distanoe z below the surfaoe and travelling at an angle 9 
to the surfaoe normal have to pass through a thickness Z ., sec 9 of 
material before escaping into the vacuum. It has been shown by Seah 
(40) that for practical spectrometers the 
s s f x n , where n is the mean esoape depth 
o 0 
value of n determined is 
o 
measured along the surface 
ncrmal and f is a numerical factcr less than one. The value of f for 
a typical retarding grid spectrometer and for a O.M.A. operated with 
its axis at 450 or 900 to the surface normal is between 0.70 and 0.75. 
Hence the results obtained using these types of spectrometer are 
interchangeable and it is not necessary to correct the value of n 
o 
calculated from equation 3.12 for quantitative analysis. However, if 
results of mean free paths are to be interchaneed between other 
spectrcmeter configurations it may be necessary to corroct the values 
of no obtained as above, this would also be neoessary if values of no 
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were to be oompared with a formal theory of electron mean free paths. 
3.3 Extension of the Simple Nodel for I s land Deposits 
For many deposit-substrate systems the initial struoture of 
the deposit is in the form of isolated three dimensional islands (2), 
rather than a continuous layer. As deposition proceeds the number of 
islands increases up to some saturation value, and subsequent 
deposition causes growth of already existing islands (30). Eventually 
the islands beoome so large that they begin to touch each other and 
ooaleacence between the islands oocurs. Further deposition results 
in the filling in of holes remaining between islands whioh have 
coalesced, until eventually a continuous deposit is formed. In 
principle it is possible to calculate the expeoted Auger current from 
a distribution of islands and hence determine the quantity of material 
deposited from the strength of the Auger signal. However, at present 
insufficient knowledge is available about the number, shape and size 
of islands (48) to make such a calculation practioal for the early 
stages ot deposition. Once the saturation number of islands has been 
established the situation becomes less complex and by making a number 
of assumptions it is possible to make some predictions about the 
Auger ourrent. 
In the model it will be assumed that the number of islands 
remains fixed, that all islands are the same height and that the 
islands are in the form of square slabs. . Making use of equation 3.11 
the Auger ourrent from unit area of deposit is given by 
• (1 - exp - II ) (3.14) 
xo 
where Id~ is the signal from unit area of bulk deposit and h is the 
thiokness ot the deposit. If the number of islands per unit area is 
N and the length ot each island is d, then the Auger signal from 
o 
unit area of speoimen is 
Now N d2 is simply the traotional coverage 9 of the deposit, and 
o 
henoe equation 3.15 m~ be re-written as 
Id • 9 (1 - exp - h ) 
r:;:.o Xo 
C~·16 ) 
As deposition continues and the thickness of the islands increases 
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a situation will eventually arise where h»x and hence equation 
o 
3.16 becomes 
The normalised Auger current is seen to be equal to the fraotional 
coverage of the deposit. Equation 3.11 is perfeotly general and 
applies to any shape of deposit island, provided that the thickness 
of the island is everywhere greater than x • 
o 
Similar results m~ be deduced for the dec~ of the Auger 
Signal from the substrate, and for h»x the normalised Auger current 
o 
is given by 
.. ( 1 - 9) (3.18) 
Hence a plot of deposit Auger signal against coverage 9 should be 
linear once the situation h>.> x has been obtained. For regions 
o 
where h~ x the factor exp - h becomes significant and the deteoted 
..... 0 -
Xo 
Auger ourrent should be less than the observed ooverage. It ought ~o 
be possible to test the above prediotions by ooupling Auger 
measurements on a nucleating specimen with subsequent electron 
microsoopy, eleotron mioroscopy enabling a determination of the 
fraotional coverage of the deposit to be made. 
The dependenoe of the Auger signal with deposition time is 
not straightforward and depends upon the time dependence of 9 • 
If the stioking coefficient is S and the arrival rate of deposit 
material R, the thiokness h is given by 
h - ~ 
9 
Equation 3.16 m~ therefore be written as 
Id _ s(t) (1 - exp - RSt ) (3.19) 
~~ S(t)xo 
Sinoe e is <1 until oomplete coverage is obtained, the growth of the 
deposit Auger signal with deposition time for systems whioh nuoleate 
will be less rapid than for ;e system exhibiting l~er growth. 
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CHAPTER 4 
DESCRIPTION OF THE APPARATUS 
4.1 Ultra-High Vacuum System 
The experiments reported were oarried out in a stainless 
steel UHV system known as 'Rentaport'. The system was in the form 
of a closed oylinder with ports arranged radially around the 
circumference, together with a number of ports on the upper flat 
surface, Figure 4.1. The system was designed so that the specimen 
in a suitable manipulator was mounted at the centre of the chamber. 
The radial ports were used to provide a range of analytical techniques 
so that a considerable amount of information oould be obtained about 
any speoimen without breaking the vacuum. Thus facilities were 
available for low energy electron diffraction, Auger electron 
speotroscopy, refleotion high energy eleotron diffraotion, residual 
gas analysis and optical absorption by means of a light path through 
the orystal. Two of the radial ports were used to house the vapour 
souroes which are described in detail in seotion 4.2. 
The system was initial~ rough pumped by means of sorption 
pumps, then finally by a FerDanti 500 litres.seo-l ion pump. 
Following a twelve hour bake at 3000 0 ultimate pressures in the 10-10 
torr range were achieved. 
4.2 Evaporation Sources 
4.2.1 Constnnt Rate Souroe 
In order to investigate AES as a quantitative technique a 
primary requirement was an evaporation souroe oapable of maintaining 
a constant arrival rate at the substrate surfaoe. The evaporation 
souroes best able to fulfil this requirement are of the Knudsen cell 
type, ~esoribed in ohapter 1. 
The nUmber of molecules per second emerging from the hole in 
the cell is given by the Langmuir effusion equation (35) 
2 TTa 
-4 
~. PN 
dt j2TTMRT 
It oan be shown that the arrival rate at a remote substrate is given 
by (135) 
dD • 
Cit 
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Figure 4.1 The UHV System 
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where a ~ diameter of the hole (em) 
r ~ source to substrate distance (em) 
p = vapour pressure (dynes.cm-2~ 
p' a vapour pressure (micro-torr 
T a absolute temperature 
M Q atomic weight 
N • Avogadro's numb~r 
p • densit,y (gm cm- ) 
From equation 4.2 it can be seen that providing geometrio faotors 
are kept co~stant, the only variables are p' and T. However, the 
vapour pressure p' is a unique funotion of T, hence if the temperature 
is held oonstant the deposition rate will also be constant. Equation 
4.2 is only valid if the diameter of the effusion hole is at least 
ten times smaller than the mean free path of the vapour molecules 
inside the cell (136). The mean free path of the molecules inside a 
cell at typioal operating temperatures is several centimetres, henoe 
the above condition can be satisfied if the hole diameter is about 
a millimetre. 
The praotioal requirements of a Knudsen source are a crucible 
material whioh does not reaot with the evaporant and oan be maohined 
or formed into a suitable shape, together with a method of heating 
and maintaining the cruoible at a oonstant temperature. Tantalum 
was already known to be a suitable orucible material for copper and 
silver (35,131) and is readily machined. The souroe was designed 
with two oruoibles which could be operated independently or 
simultaneously to increase the flexibility of the system. Eleotron 
bombardment was chosen as the method of heating because eleotrons can 
be fooused on the crucible, so avoiding excessive heating and 
consequent outgassing of neighbouring oomponents. It was found that 
» 
a 15 em length of 0.008 tungsten wire filament was suffioiently rigid 
and gave adequate emission current for either source, whilst keeping the 
total area of white hot metal to a minimum. The oruoibles were 
" machined from 0.25 diameter tantalum rod and were 1.2 om high with 
an orifice 1 mm in diameter. The oruoibles could be loaded with 
approximately 0.3 gm of oopper whioh enabled theoretioally a total 
o 
film thiokness of 2000 A to be deposited. In praotice the total film 
thiokness that oould be achieved would be considerably less than this 
beoause evaporant material is lost from the oell during the extensive 
outgassing that is neoessar.1. 
The temperature of each cruoible was monitored by spot 
welding to the base a Pt/Pt-Rh(13%) thermooouple, the output of whioh 
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-was fe& to an A.E.l. proportional controller, type CRS lOXl. ~ne 
controller oompares the thermocouple output with a pre-set reference 
and limits the amount of time during each half cycle of the mains 
that power is let through to the load, in this case the H.T. 
transformer. In this wa:y the applied H.T. ",as' regulated acoording 
to the output from the thermocouple and it was possible to maintain 
a cruoible temperature within !5°C for long periods. At the ohosen 
operating temperatures for oopper and silver, l2300 C and l0500 C 
respectively, this fluctuation leads to a variation in vapour pressure 
of about !6%, and henoe a corresponding variation in deposition rate. 
One addition& advantage of the thermocouple was that on oonnecting 
to an x,t ohart reoorder whilst heating or oooling a flat region 
was' observed in the traoe, corresponding to the melting point of the 
metal. This served as a calibration chock on the thermooouple and 
in addition the length of the flat portion gave some indication of 
the quantity of material remaining in the souroe. 
A schematio diagram of the source is shown in Figure 4.2 
and a photograph in Figure 4.3. 
tantalum shield 
filament 
, 
, 
TC - t her m ocouple 
o 
Figure 4.2 Sohematio diagram of the Knudsen souroe. 
The prinoiple souroe oomponents were oonstructed of tantalum and 
supported on Varian medium ourrent feedthroughs, type 954-5019. 
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Figure4.3 The Knudsen Source 
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The whole assembly was surrounded by a 0.25" copper cooling coil 
through whioh water or liquid nitrogen could be passed. Using 
liquid nitrogen as ooolant it was possible to evaporate silver or 
oopper in the 10-9 torr range. 
At the operating temperature the input power from the H.T. 
supp~ to the silver and copper sources was typioally 22 watts and 
35 watts respeotively. In addition a power requirement of about 
40 watts was needed to raise the temperature of the tungsten filament 
to the point where adequate emission current was obtained. One 
oonsequence of using eleotron bombardment to heat the source was 
that a small ourrent (approximately 10-9 A) of electrons emerged 
through the beam defining apertures and was inoident upon the sample. 
However the souroe was fitted with a rotating shutter to allow preoise 
oontrol of deposition times and it was found that, since the shutter 
was earthed, it could be used to defleot the str~ eleotrons aw~ 
from the speoimen. 
The arrival rate from eaoh Knudsen cell can be calculated 
using equation 4.2 if the vapour pressure and cell temperature are 
known. However it was felt that an experimental determination was 
necessary beoause the vapour pressure is such a rapidly var.ying 
funotion of temperature. The following method was used to determine 
the absolute arrival rate. A small pyrex tube was positioned against 
the final beam defining aperture as shown in Figure 4.4. 
Knudsen 
c~ :~~) 
Figure 4.4 Sohematio representation of the method used to determine 
the absolute arrival rate. 
In this w~ all the vapour emerging from the aperture would be 
oondensed inside the tube. The total mass of metal collected in the 
tube after a measured deposition time was then determined by 
colourimetrio analysis, see section 4.8. In a separate experiment 
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the diameter o~ the deposit on an actual specimen crystal was 
measured by means of a travelling microscope. Hence having obtained 
the area of the deposit and the mass deposited in a given time, the 
arrival rate m~ be calculated. The arrival rates used in the 
experiments were 0.6 ! 0.1 ~ min-l for copper and 0.48 ! 0.1 A min-l 
for silver. The calculated arrival rates using equation 4.2 were 
O 4 Ao ml.'n-l f d 0 7 0 ,-1 f '1 • or copper an • A m1n or 81 ver. The difference 
in the measured and calculated rates in each case reflects the 
uncertainty in the vapour pressure data (38). 
4.2.2 Source for Preparation of Substrate Films 
The nickel substrates used throughout the experiments were 
o 
films about 1500 A thick deposited on alkali halide crystals. The 
advantage of using thin film substrates rathor than a bulk nickel 
crystal is that the final specimens, once removed from the alkali 
halide, are of a suitable thickness for electron mioroscopy. In 
addition the resulting surfaces are olean, providing the pressure 
remains low during deposition and speotroscopically pure evaporant 
materials are used. This means that special oleaning teohniques suoh 
as ion bombardment are unnecessary. The presenoe of an additional 
vapour souroe haa the further advantage that multiple layer films . 
may be prepared if required. 
The most signifioant problem enoountered with designing a 
nickel evaporation source is that nickel alloys with refractory metals 
oommonly used as filaments or boats. This can be overcome with 
Unvala or pendant drop sources described in chapter 1, but these 
sources are rather complioated involving L.T. and H.T. supplies and 
their geometries would have resulted in part of the tEED screen being 
obscured. Nickel does sublime at temperatures just below the melting 
point and a souroe for the oontrolled sublimation of nickel used by 
Farnsworth (37) was described in chapter 1. The major disadvantage 
of this souroe is that very low deposition rates are obtained, 
o -1 typically less than 1 A min • In order to prepare substrate films 
o between 1000 and 1500 A thick, deposition rates in excess of 
o -1 'd k d ' t ' t . bl 20 A min were requlore to eep eposl. loon lomes reaaona e. 
Matthews (73) had utilized sublimation from a wire in order to deposit 
films of cobalt and hence a nickel source based on this idea was 
constructed. The nickel wire was wound into a tight helix and 
positioned sideways-on so that a large area of nickel was presented 
to the substrate cr,ystal. In addition the eleotrodes supporting 
the niokel helix were hinged so that ~ollowing deposition the source 
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could be lowered to the floor of the chamber, thus avoiding 
obstruotion of the LEED optics. 
The nickel helix was wound from .040" spectrosoopioally 
pure niokel wire and when in position was 10 cm from the substrate 
crystal. The maximum deposition rate using these filaments was 
about 10 A min-l and the life of eaoh filament was typically as low 
as ten films. A significant improvement in life and deposition 
rate was achieved b,y using tungsten wire to support the nickel helix. 
These filaments were prepared by tightly winding 0.5 mm 
spectroscopically pure nickel wire on a 20 cm length of 1 rom diameter 
tungsten wire. ~e nickel-tungsten combination was then wound into 
a tight helix 1 cm in diameter and approximately 2 cm in length, so 
that it would fit between the electrodes of the evaporator. The 
helix was heated by passing through an alternating current, typically 
o 
of about 30 A, such that the nickel wire was maintained just below 
its melting point. This type of filament enabled deposition rates of 
20 - 25 X min-l to be obtained with a life of about thirty thick films. 
The source was constructed of stainless steel with tantalum 
filament carriers and shields. The niokel helix was completely 
enolosed except for a short exit pipe which enabled vapour to reach 
the crystal and a small hole at the rear to allow a view of the 
filament. Nickel vapour emerging from the rear of the source 
oondensed harmlessly on the walls of the vacuum chamber. A general 
view of the source is shown in Figure 4.5. 
4.3 Multiple Cleavage Specimen Holder 
In order to produce epitaxial metal films on alkali halide 
crystals l it is frequent~ necessary to cleave the crystal in vacuum 
prior to deposition (14,15,16,17). It was also essential that the 
crystal oou1d be translated and rotated to face eaCh vapour source 
and the tEED optics. For maximum use of the RHEED faoility it was 
necessary to be able to rotate the orystal about its surface normal, 
and finally it was necessary to be able to heat or 0001 the sample. 
A multiple oleavage specimen holder fUlfilling these requirements 
was designed and built by T. E. Gallon and part of the holder is 
shown in Figure 4.6. 
The orystal manipulator was based on a commercial design 
by Vacuum Generators and has rotational, lateral and vertical 
translational movements. The position of the crystal could be 
adjusted by precision miorometers in the range 0 - 1" parallel to 
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Fig ure 4.5 The Nicl<el Sou rce 
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Figure 4.6 The Specimen Holder 
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the LEED beam and 0 - lit perpendicular to the LEED beam, and by a 
coarse screw thread 0 - 1.5" vertically. The manipulator was not 
bakeable but could be accurately relocated on the system after bnke-
out. 
The crystal was clamped in a stainless steel cylinder and 
rotated in a screw thread by means of sapphire balls, Figure 4.7a • 
3 
---1 
'1 
( a) 
Figure 4.7 Schematio diagram of the crystal holder 
a) general view b) method of rotating the crystal. 
Rotation of the crystal was effected using the bellows mounted lever 
3 which engaged the capstan 1, hence lowering the specimen caused 
rotation of the oylinder, Figure 4.7b.Rotation of the specimen 
allo,"'ed full use of the RHEED facility and also wound the orystal 
forward along the screw thread to allow multiple cleavaee. The 
oleavage mechanism 2 oonsisted of a platform which could be rigidly 
located to support the crystal, together with a tool steel cleavage 
blade. The oleavage blade was operated through a bellows and the 
whole assemb~ was bellows mounted to allow vertioal translation 
'after oleavage, thereby minimising obstruction of the LEED optics. 
The crystal holder assembly was surrounded by two coils of 
stainless steel tubine. one containing a resistive heating element 
and the 'other allowing liquid nitrogen to be passed through to cool 
the sample. The temperature of the sample was monitored by a thermo-
oouple attatohed to the holder, this thermocouple having been 
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calibrated against actual crystal temperature by comparing with a 
thermocouple embedded near the faoe of a typical NaCl orJstal. 
Crystal temperatures between _1800 c and +380oc were obtainable and 
for temperatures above 200 C the temperature was maintained oonstant 
by a Foster-Cambridge P130L oontroller. It was found that temperatures 
could be maintained to within !lOOC at 3000 C. 
The specimen holder was operated successfully for NaCl, LiF, 
Kel, NaF and MgO crystals and with care it was posRible to obtain up 
to six cleavage faces. 
4.4 Mass Spectrometer 
The mass spectrometer used in the present work was the 
Balzers quadrupole mass speotrometer type Q,l.lGIOl. The advantages of 
the quadrupole maRS spectrometer over mass spectrometers using the 
deflection of ions in a magnetio field as the method of mass 
separation are; 
a) there is no permanent magnetio field which could have 
serious affeots on other experiments suoh as LEEDj 
b) because there is no permanent magnet the mass speotrometer 
is bakeable and oan be made UHV oompatible. (Permanent magnets m~ not 
be bakeable and the alternative, which is to remove the magnet during 
bake out , has the disadvantage that precise relooation of the magnot 
is essential for acouracy of the spectrometer.) 
In operation the output of the Balzers mass speotrometer m~ 
be oonveniently displ~ed on an oscilloscope, x - y reoorder, or for 
one partioular mass setting on an x - t recorder. The Q,l<1GIOl 
spectrometer was capable of deteoting gases at partial pressures of 
10-13 torr and had a resolving power (m / A m) of 100 at mass 100, where 
Am is the full width at 10% height of the peak due to an isotope of 
mass m. 
Figure 4.8 shows a mass speotrometer reoording of the residual 
gas in the system, the total pressure being about 1 x 10-9 torr. 
The traces show the presence of a small amount of chlorine (M .. 35), 
which was also deteoted on the sp~cimen surface by AES. The role of 
chlorine in the experiments is discussed in chapter 5. 
4.5 LEED Apparatus 
The LEED aparatus was of the four grid post-diffraction 
aooeleration type manufactured by Varian Assooiates and mounted on a 
standard 8" oonflat flange. The electron gun enabled a beam of electrons 
with energy variable between 0 and 2 kV to be obtained. 
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Figure 4.8 Mass speotrometer reoording of the residual gas • 
. The beam diameter at the sample was about 1 rom and beam ourrents up 
to 1 ~A were possible. The eleotron gun was operated by a Farnell 
power supply whioh oould be switohed to a oonstant ourrent mode, 
enabling the beam ourrent to be kept oonstant. Contamination of the 
sample by material from the eleotron gun oathode was not found to be 
a problem. 
4.6 The AUger Eleotron Speotrometer 
The Auger eleotron speotrometer was of the retarding field 
type and utilized the four grid optios of the LEED system. 
The possibility of using LEED optios as an eleotron 
speotrometer was first reported by Soheibner and Tharp (140) and Weber 
and Peria (141). A retarding potential is applied to the oentre grid 
(or in the oase of four grid-optios, to the two oentre grids) so that 
only eleotrons with energy greater than this potential oan pass 
through. The first grid is normally grounded in order that eleotrons 
leaving the sample are in field free spaoe. The fourth grid is also 
grounded to prevent field penetration of the positive oolleotor 
potential applied to the soreen. Deteotion of the small ourrents 
(~lO-llA) due to Auger eleo~rons is oonsiderably enhanoed if the 
oolleoted ourrent is doubly differentiated (102). This oan be achieved 
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by superimposing a small modulating voltage on the retarding grid 
and collecting the second harmonic component arriving at the screen 
(Appendix 1). 
The detection system of the spectrometer was based on a 
design due to Gallon et ale (138). The design differs slightly from 
most analysers in that it uses a tuned load and head amplifier, instead 
of the resistive load normal~ employed. This arrangement permits a 
higher modulation froquency and the hoad amplifier (Mullard TAA 320) 
allows long oonnooting cables to be ueed without shunting tho load. 
The sensitivity of the instrument was determined by depositing 
silver at a known rate on a olean subctrate and measuring the increase 
of the silver Auger peak with deposited material. The sensitivity is 
determined by the smallest amount of deposit material that gives rise 
to an Auger peak that can be positively distinguished from the noise. 
The experiment is described in detail in ohapter 5. 
The resolution of the apparatus was determined by recording 
the peak to peak height of the elastically reflected signal as a 
function of the modulation voltage. It is shown in Appendix 1 that 
the current in the second harmonic is' proportional to the square of 
the modulation amplitude A, until A becomes greater than p/2, where 
p is the width of the peak. As A is increased beyond this limit the 
second harmonic ourrent becomes less strongly dependent upon A and the 
point at which the departure from the square dependence occurs enables 
p to be determined and hence the resolution. 
The resolution was ,determined using a 500 eV peak elastically 
reflected from a nickel single crystal. The departure from the square 
law l-Ias found to occur at a modulation of about 3V r.m.s., which 
implies a resolution of 1.3%. In praotice the resolution is likely to 
be rather better than this since the above determination assumes a 
perfectly monochromatio beam of electrons is injected into the analyse~. 
In general this will not be the oase since the eleotron beam leaving 
the gun will have a finite breadth and this breadth will be further 
inoreased on being retleoted from the target, in this oase, the nickel 
orystal. 
A full disoussion of the use of LEEDoptics as an Auger 
speotrometer has been given by Taylor (139). 
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4.7 The RHEED Apparatus 
The RHEED apparatus consisted of a Marooni-Osram 
eleotrostatically focused electron gun, and a 6 cm diameter screen 
coated with a high efficiency Pll type phosphor supplied by E.M.I. 
Electronics Ltd. The electron gun was mounted on a flexible bellows 
system allowing mechanical steerage of the eleotron beam. The gun 
was operated with aocelerating voltages in the range 10 - 15 keV and 
a beam current of a few microamps. Under these conditions the spot 
size obtained on the screen was about 1 mID in diameter. The camera 
length was 33 cm, although it could be varied by small amounts 
depending on the position of the sample manipulator. 
The resolution obtainable from the RHEED apparatus was 
estimated using a photograph of a diffraction pattern from a flat 
single orystal niokel specimen. The photograph was taken using an 
acoelerating voltage of 15 keV with the beam along a <l10) azimuth. 
It was assumed that for a seoond streak to be adequately resolved the 
separation of the two streaks must be equal to or greater than the 
halt width of each individual streak. A microdenaitometer trace of 
the photograph was used to obtain the half width of the streaks and 
the maximum resolution found to be 6%. A similar result was obtained 
when the RHEED gun was operated at 10 keV. In this case the streak 
separation was inoreased but so was the half width of eaoh streak. 
The resolution of the apparatus was therefore insufficient to allow 
the 2.6% misfit between copper and nickel to be resolved, but should 
adequately resolve the silver-nickel spaoing. Nevertheless the RHEED 
apparatus was found to be useful beoause ot its sensitivity to surface 
topography, providing additional evidence about the mode of growth of 
deposited materials. 
4.8 Film Thickness Determination 
4.8.1 General 
The technique used for film thickness determination was 
photometrio or colourimetrio analysis (44,45). A monochromatic beam 
of light is passed through a cell containing a solution of the film 
and the ooncentration of the metal is determined from the intensity 
of light transmitted. For dilute solutions the intensity of light 
transmitted through the cell is given b.Y the Lambert---Beer law (45) 
which ma::! be written as 
-
kol 
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10 is the intensity of the incident light beam, I is the intensity of 
the transmitted light, 0 is the concentration of the sample and 1 is 
the length of solution traversed by the light. k is a constant callod 
the extinction coefficient, the value of which depends upon the solvent, 
the temperature and the wavelength of light used. LoglO 10/1 is 
called the extinotion or optical density and a plot of extinction 
against concentration (for constant 1) is a straight line if the 
Lambert-Beer law applies. 
To find the concentration of an unknown solution k m~ be 
determined by measuring the extinction for a sample of known 
concentration and hence a knowledge of the extinotion of the test 
sample enables 0 to be calculated. Alternatively a graph of extinction 
against concentration m~ be plotted and the concentration of unknown 
solutions found from the graph. The latter method is applicable in 
cases where the Lambert-Beer law does not apply providing the graph 
is reproducible, and was the method used in the present work. 
The apparatus required for photometrio analysis is a mono-
chromatio light source, a cell in which the test solution is contained 
and a method of measuring the light intensity. Aocurate results have 
been obtained using a mercury discharge lamp and filter and a simple 
photooell (107). In the present case a single beam soanning mono-
chromator was available together with an E.M.I. photomultiplier. 
The monochromator enabled a wavelength range between 190 nm and 900 nm 
to be studied and either complete spectral scans could be obtained or 
extinotion measurements made at one particular wavelength. The 
incident monochromatio beam was chopped at 230 Hz to allow phase 
sensitive deteotion. Consequently the affects of str~ light were 
eliminated and additional amplification of the signal by the phase 
sensi tive deteotor was obtained'. The output from the phase sensitive 
deteotor was conveniently displayed on an x - t chart reoorder. The 
test cell was construoted from a glass oylinder 6 om in length and 
1 om in diameter. Flat silica windows were oemented to eaoh end and 
a ground glass stopper used to seal the opening. The oapaoity of the 
oell was 4.5 ml and it was mounted in a light tight box between the 
monoohromator and photomultiplier. 
4.8.2 Silver Determination 
Photometrio determination of silver utilizes the reaotion with 
dithizone in aoid solution to form the dithizonate, whioh dissolves 
in oarbon tetrachloride to form a yellow solution. In the absenoe of 
silver the dithizone solution is green and transmits little light in 
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the yellow region. With increasing presence of silver the reagent 
turns progressively more yellow and transmits a greater percentage 
of yellow light. The standard method for silver determination (44) 
is to use yellow incident light and plot values of loglOT against 
concentration, where T is the transmittance and is the ratio of light 
transmitted by the sample to light transmitted by the blank solution. 
The method used was as follows: 
1) prepare the sample in about 5 ml of 0.5 N sulphurio or 
ni tric aoid and -transfer to a separatory funnel; 
2) add 5 ml of a 0.001% (w/v ) solution of dithizone in 
carbon tetrachloride; 
3) shake for one minute; 
4) allow the carbon tetrachloride l~er to settle and run 
into the absorption cell; 
5) obtain the intensity of light transmitted; 
6) repeat the procedure using a blank solution and hence 
obtain the transmittanoe of the sample. 
Using the optical system as a scanning speotrophotometer 
the blank dithizone solution was found to have a broad absorption 
maximum from 500 DID to 560 nm. Greatest sensitivity for the change 
from green to yellow was found using a wavelength of 560 nm. 
A oalibration graph was obtained by measuring the transmittanoe 
of solutions oontaining known amounts of silver and the graph is shown 
in Figure 4.9. The oalibration graph was repeated many times and was 
found to be accurately reproduoible if a fresh dithizone solution was 
used. If dithizone solution is left it slowly turns from green to 
yellow and whilst a straight line graph for transmittance against 
oonoentration was alw~s obtained, the slope of the graph was reduoed 
resulting in greater unoertainty. 
The area of the silver deposit was found as described in 
seotion 4.2.1 and henoe, assuming bulk densit,y for the silver films, 
the measured ooncentration oould be related to film thickness. The 
minimum amount of silver which oould be deteoted was 0.5 ~gm which 
o 
in the present oase oorresponds to a film thiokness of 40 A. 
The range of concentrations which could be measured was from 
0.5 ~gm to greater than 30 ~ gIll and the unoertainty of a particular 
determination was about! 0.5 ... gm. The accuraoy obtainable using 
this technique for film thiokness measurement is determined by. the 
unoertainty in the concentration measurements and also b,y the area 
of the film. In the present case the area of the film was only 
79 
. 500 1000 film thicl<ness A 
3-
2 
1_~ ________________ ~ __________________ ~ ________ ___ 
o 10 20 
concentration I-' 9m 
Figuro 4.9 Calibration graph for silver. 
1.2 x 10-'cm2 which gives an uncertainty of about! 20% for film 
o 
thicknesses ot about 200 A. The small aroa of deposit used was to 
make possible experiments in which silver was deposited on different 
regions of an alkali halido crystal surface which had been subjected 
to varying amounts of electron bombardment (29). 
4.8.3 Copper Determination 
The photometric determination of copper utilizes the yellow 
compound formed between oopper ions and sodium diethyldithiocarbamate. 
The solution has an absorption maximum in the blue region and a graph 
~ of extinotion against oonoentration may be obtained using samples of 
known copper ooncentration. The oopper sample is required in a solution 
of pH 8.5 but generally it is simpler to prepare the ooppor in dilute 
aoid solution and to adjust the final pH by addition of ammonia. If 
there are other metals present use may be made of the faot that oopper 
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is soluble in concentrated ammonia and thus separation from other 
metals is possible. The procedure was as follows: 
1) prepare 5 ml of sample solution; 
2) add 2 ml of ammonium citrate solution * followed by 5 ml 
of a 10% (Wjv) aqueou8 solution of disodium ethylenediaminetetraacetate; 
3) add two drops of cresol red indicator followed by 
conoentrated ammonia until the indicator just shows its alkali colour, 
pH "'8.5; 
4) dilute to 25 ml and transfer to a separator,y funnel; 
5) add 2 ml of a 0.1% (w/v ) aqueous solution of sodium 
diethyldithiooarbamate; 
6) add 3 ml of ohloroform and shake vigorously for 1 - 2 minutes; 
1) allow to settle and run the chloroform layer into a 10 ml 
volumotrio flask; 
8) extract twice more with 2 ml portions of chloroform; 
9) dilute to 10 ml with chloroform and measure the intensit,y 
of light transmitted'; 
10) repeat the procedure using a blank solution and hence 
obtain the extinction. 
A sample solution containing copper was found to have 
maximum absorption between 430 nm and 450 nm and all extinction 
measurements were made at 435 nm. A oalibration graph was obtained by 
measuring the extinotion of solutions of known oopper concentratio~ 
and the graph is shown in Figure 4.10. 
As with the silver determination the sodium diethyldithio-
oarbamate solution was not stable for more than a few days and hence 
a fresh solution was made before each set of measurements. Copper 
ooncentrations' between 0.4 and 18 ~gm cm-3 were used and the uncertainty 
assooiated with a copper determination was about':!: 0.3 ~ gm om-3• 
The area of the oopper deposit was determined and hence concentrations 
could be related to film thiokness and this is also shown on Figure 4.10. 
* ammonium citrate - mix 210 ml of concentrated ammonia with 150 ml 
of water and add 200 gm of citric aoid in small portions whilst 
stirring and oooling. Make the solution slightly ammoniacal, add a 
'little sodium diethyldithiocarbamate and extract traoes of copper 
with ohloroform. Dilute to 500 ml. 
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Figure 4.10 Calibration graph for copper. 
The area of oopper was 0.32 ! 0.04 cm2 and this larger area enabled 
o 
film thioknesses down to about 10 A to be determined, the aocuraqy 
o 
obtainable being about l~fo for films thioker than 100 A. 
The procedure described is specifio for copper and quite 
large oonoentrations of other metals may be present without oausing 
interferenoe (44). All ohemioals used for both silver and oopper 
determinations were of analar quality. 
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CHAPTER 5 
SILVER ON NICKEL 
EXPERIMENTAL PROCEDURE I RESULTS AND DISCUSSION 
5.1 Introduction 
A series of experiments was performed in which silver was 
deposited on clean (001) surfaces of nickel prepared inside the vacuum 
( 
chamber. The Auger signals from deposit and substrate were monitored 
as deposition proceeded, and a comparison made with the predicted time 
dependence from the model described in chapter 3. 
The affect of heat treatment on the silver-nickel bicrystals 
was investigated, and the observed changes in the Auger signals related 
to results obtained from subsequent electron miorosoopy of the speoimens. 
Finally, values of misfit between the silver and niokel 
lattioes were obtained for very thin overlayers of silver. 
5.2 Experimental Procedure 
5.2.1 Preparation of the Nickel Substrate 
A method was required to produce clean, single crystal 
continuous nickel films for use as substrate crystals. A series of 
trial experiments was performed in which nickel films of varying 
thickness were deposited on (001) cleavage faces of alkali halide 
or,ystals held at different temperatures. The films were examined in 
situ b,y LEED, RHEED and AES and were then removed from the UHV chamber 
o 
and examined by transmission eleotron microscopy. Nickel films~ 1500 A 
thiok, deposited on (001) faces of rocksalt obtained by oleavage 
immediately prior to deposition were found to be single orystal with 
the (001) epitaxial structure. RHEED photographs of the speoimen 
showed streaks charaoteristio of a flat single crystal and subsequent 
eleotron mioroscop,y showed the films to be continuous and oompletely 
hole free. The indioated temperature of the rocksalt was 1500 0 but it 
is thought that thermal radiation from the nearby nickel helix m~ have 
raised the surface temperature to 200 - 3000 C. Figure 5.1 shows an 
electron miorograph of a typical nickel substrate film with the 
oorresponding diffraotion pattern shown inset, and Figure 5.2 shows a 
LEED and a RHEED photograph of a similar film. AES of the niokel surface 
showed the two niokel peaks at 60 eV (M2,3M4M4) and 850 eV (L3M4,5M4,5) 
and also a peak at 170 eV which was ascribed to the presence of 
ohlorine. Electron microscopy had shown that the niokel films were 
hole free, therefore the ohlorine signal was not due to Auger eleotrons 
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Figure 5.1 An electron micrograph of a typical n'ickel substrate 
film, Nith the diffraction pattern shown inset. 
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from the rocksalt escaping through the nickel film. In addition, 
care was taken to prevent the incident electron beam striking the 
exposed surface of the rocksalt, hence the dissooiation of the rocksalt 
and subsequent surface diffusion of the chlorine seems unlikely. A 
possible explanation of the origin of the chlorine contaminant and its 
role during the experiment will be disoussed later. 
5.2.2 Deposition of Silver 
Following the deposition of the nickel substrate film the 
rocksalt-nickel specimen was allowed to cool to room temperature. 
The struoture of the niokel was monitored by LEED and an Auger traoe 
obtaine~ of the fresh~ deposited niokel. Silver was then deposited 
at normal inoidenoe on the nickel at a rate of 0.48 ! 0.06 i min-l 
from the Knudsen source, the pressure during deposition being 
2 - 5 x 10-9 torr. The deposition was oarried out in stages using the 
shutter, with the silver source turned off after each stage. Following 
each deposition stage the Auger speotrum of the surface was obtained 
and the ohange in the niokel and silver Auger signals recorded. Great 
oare was taken to ensure that the Auger spectrum was obtained from 
the same region of the silver-nickel specimen eaoh time, although as 
a result of backlash in the specimen manipUlator the region sampled 
by the 1 mm diameter incident beam was probably about 2 rom across. 
In the initial experiments the deposition of silver was 
oontinued until both the nickel Auger signals had disappeared and the 
silver Auger signal had reached a constant value. During the course 
of these experiments the RHEED faoility was not used to avoid the 
possibility of damaging the specimen. However, at the end of each 
experimental run the structure of the silver overl~er was monitored 
by LEED, and in ever,y case the observed diffraotion pattern was 
oharaoteristic of an (001) single or.ystal surface (130,143). Finally 
the speoimen was remove& from the UHV ohamber, floated off the rooksalt 
and examined by transmission eleotron mioroscopy. 
5.2.3 Annealing ExPeriments' 
At the conclusion of the foregoing experiments, approximately 
30 i (see later disoussion) of silver had been depOSited on the nickel, 
I 
the niokel Auger signals were not detectable and therefore the nickel 
was oompletely oovered by silver. In the following experiments the 
situation desoribed above was used as a starting point for investigations 
using AES to study the affeot of heat treatment on the speoimens. 
In the first experiment a silver-nickel bior,ystal was left at 
o 
room temperature under vacuum (2 x 10-9 torr) for 56 hours, after 
which any change in the Auger spectrum was recorded. Subsequently, 
with the same starting conditions, a silver-nickel biorystal was 
heated to 3000 C. The Auger spectrum was monitored as a function of 
time from the point at which the speoimen heater was switched on. 
The sample was then allowed to 0001, removed from the vaouum system 
and examined by transmission electron microsoopy. 
5.3 Oboervations and DiscuBsion 
5.3.1 Deposition of Silver 
Silver was initially deposited on the nickel in thirty second 
o 
stages oorresponding to an average expeoted thickness of 0.24 A per 
deposition. A typioal Auger spectrum taken after 150 seconds of 
deposition is shown in Figure 5.3. The peaks due to niokel and silver 
are olearly visible, as is the chlorine signal which remained 
praotioally oonstant throughout the experiment. 
)e32 
Ag 
Ni Ni 
Ep = 21(V 
Modulation = 7volts r.m.s. 
Energy eV 
Figure 5.3 An Auger traoe taken after 150 seconds of silver 
deposition. 
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The data for the growth of the silver Auger signal as a 
funotion of deposition time are shown in Figure 5.4. It is seen that 
the graph is initially linear and the assooiated experimental points 
show very little scatter about this line. After approximately 400 
seoonds there is a break from linearity, following which the strength 
of the Auger signal inoreases less rapidly with a larger scatter of 
the data. Eventually the signal reaohed a constant value whioh was 
taken as the value of I~ for silver. 
The correspondin~ data for the deo~ of the nickel substrate 
signals are shown in Figure 5.5, where the inset shows the dec~ of 
the 60 eV signal on an expanded time scale. The deoay of the 60 eV 
signal is: seen to be linear, reaching a ver,y small value after 400 
seconds, the approximate time at which the silver signal broke from 
linearity. The 60 eV niokel signal was still present for some time 
beyond the 400 second stage, but the signal was ver,y small and only 
deteotable as a point of inflexion on the rapidly changing background 
of the dN(E)/dE ourve. The signal was no longer present for deposition 
times greater than about 100 seconds. 
The dec~ of the 850 eV niokel signal is seen to be less 
rapid and the signal is still present up to about 8000 seconds of 
deposition time. It is not possible to disoern a point of discontinuity 
from this graph beoause the 850 eV niokel signal is oomparitively weak 
and henoe there is a greater soatter of the experimental points. 
The experiment was repeated several times particularly in the 
region of 0 to 1000 seoonds of deposition. The same variation of the 
silver and. niokel signals was observed, exoept that in one instanoe 
the 60 eV niokel signal broke from linearity at an earlier stage than 
had been observed in other experiments, and is shown by the dotted line 
in Figure 5.5. There was no correlation between this ohange in the 60 eV 
niokel signal and either the 850 eV niokel or the 355 eV silver Signals, 
both these plots remaining as in previous runs. 
A oomparison of the experimental data in Figure 5.4 with the 
theoretioal plot of Figure 3.1 showa that in both instanoes there is an 
initial linear portion, followed by a break from lineari~J and a less 
rapid inorease of the Auger signal. This suggests that monolayer growth 
m~ have been oocuring, although from the discussion in section 3.3 it 
is evident that in some instances island growth may lead. to a similarly·· 
shaped plot. That l~er growth was oocuring in the present oase is 
oonfirmed by the linear deoq of the 60 eV niokel signal in Figure 5.5 
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Figure 5.4 Growth of the 355 eV silver Auger signal with deposition 
time. Experimental points at long deposition times not 
shown. 
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the signal becoming exceedingly small for deposition times beyond 
about 400 seconds. For any other growth morphology the departure 
from linearity of the deposit Auger signal would not correspond to 
the pr~ctical disappearance of the substrate signal. Thus in the case 
of island growth a discontinuity may occur, corresponding to the 
formation of the saturation number of islands, but large areas of the 
substrate would remain exposed and hence a substantial Auger signal 
would be detected. The 60 eV nickel signal is particularly useful for 
the investigation since it has a small escape depth (see later 
discussion) and is espeoially surface sensitive. 
It has been shown in chapter 3 that for true layer by layer 
growth the dependence of the deposit Auger signal is piece-wise linear 
with deposition time, ~brupt changes in slope oocuring for integral 
numbers of oompleted layers. This is also true for the decay of the 
substrate signal. Inspection of the graphs in Figures 5.4 and 5.5 
shows that, due to the scatter of the experimental points it is not 
possible to identif.y linear regions beyond the formation of the ~irst 
layer. The experimental results suggest a smooth variation with 
deposition time of both the 355 eV silver signal and the 850 eV nickel 
signal beyond about 400 seconds. One may therefore treat In' in 
equations 3.6 and 3.10 as a continuous variable and follow through the 
procedure outlined in chapter 3, from which it should be possible to 
obtain another value for t l , the time for formation of one monolayer, 
and also the sticking coefficient of silver on silver. 
Figure 5.6 shows a plot of log(l - I A) against t for the 
1:, 
355 eV silver peak. It oan be seen that, particularly for deposition 
times beyond 1000 seconds, thore is oonsiderable scatter in the 
experimental points. The graph does however suggest a discontinuit.y 
in the region between 400 and 600 seoonds, whioh is in agreement with 
the discontinuity shown in Figure 5.4. 
Figure 5.7 shows a plot of log~) against t for the 850 eV 
1&00 
niokel signal. The scatter of the results in this oase make it 
difficult to draw a.n;y conclusions from the graph, although there does 
seem to be slight evidence of a change in slope in the region of 400 
seconds'. 
The comparitively large soatter of the silver data for the 
region t;>tl and over the whole range of deposition for the 850 eV 
nickel signal does not allow an accurate determination of tl from the 
logarithmio plots, Figure 5.6 and 5.7. The value for tl was therefore 
1.0 
< , 
......... 
I 
.... 
-
.. 
0.1-t-_____ --,-______ ........ ________ --.-_ 
o 500 2000 
TIME sec 
Figure 5.6 Graph of log(l - ~) against deposition time for the 355 eV 
silver peak. loO 
1.0 
.. 
. 3 
500 2000 
TIME sec 
Figure 5.1 Graph of 10g~) against deposition time for the 850 eV 
nioke1 peak. I~~ 
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deduced by inspection of the 355 eV silver and 60 eV nickel data 
(Figures 5.4 and 5.5) to be 400 ! 50 seconds, a value which is 
substantiated by Figure 5.6. 
The associated value of II for silver gives the ratio 
II/I~ • 0.32 ! 0.04, which substituted into equation 3.12 gives the 
mean escape depth for 355 eV Auger electrons in silver as 5.4 ! 0.6 i. 
o 
This is not in agreement with the value of 8 A found by Palmberg and 
. . I 
Rhodin (130), even though III obtained from their Figure 9 is also 
00 
0.32. 
The reasons for this differenoe in the estimate of n lie in 
o 
the treatment of the data. The definition of the mean escape depth n 
o 
is r~ r~ no 
- 0 n d I 
-
n U (5.1) 
I..., 
J.~d I 0 
dI is the Auger current generated at a depth of n layers which passes 
through the (n-l) layers above to the vaouum, without signifioant 
energy loss. Relating equation 5.1 to experimentally determined 
(leo quantities'Jn n dI is the area bounded by the I (signal) axis, the 
experimental °ourve of I against t and the line I..,. The line 1.... is 
the tangent to the experimental curve at n • ny, the total number of 
layers whioh oontribute to the observed Auger current. The quantity 
no may be estimated in three ways: jl"" 
(i) By direct integration of the area 0 ndI • A, from 
which n - l! 
o lao 
(ii) By fitting an exponential curve of the form 
I • lao [1 - exp (~) ] to the data, see for example Seah (40). This 
o 
procedure ignores the initial linear rise of the deposit signal and 
in addition assumes equality of the stioking ooefficients Sl and S2. 
(iii) By using an expression such as equation 3.12, obtained 
by applying the definition of equation 5.1 to a model like the one 
described in chapter 3. In this case no is a function of 11 and I~ 
only , it being unnecessary to know n 00 • 
Procedure (iii) appears to be less reliable because it 
involves the assumption of a model. However the advantages of 
procedure (iii) are that ncO need not be known, and providing 11 can 
be determined the detailed growth morphology after the first layer is 
not important. In partioular the measured value of loa will be 
92 
substantially independent of the final morphology, although as 
mentioned later, some correction for differing backscattering factors 
may be necessary. In addition procedure (iii) does not ignore the 
initial linear region or the possibilit,y of differing sticking 
ooefficients. Therefore in circumstances where the experimental data 
are more reliable in the early stages and a linear portion is obtained, 
deduction of no by procedure (iii) is preferable. 
The data shown in Figure 5.4 oan be used to obtain a value 
for n using procedure (i), but it is necessary to know the number of o 
layers oontributing to the bulk signal. The thickness of silver that 
gave rise to the bulk signal I~ in the present case was found to be 
about 21 i (see later discussion), which gives a value for n~of about 
13 l~ers. Using this value and the area l~~dI obtained from 
00 . 
Figure 5.4 gives a value for the mean escape depth n = 5.9 A. This 
o 
is within the limits of experimental error of the result obtained 
using procedure (iii) and hence the use of equation 3.12 based on the 
model of Gallon appears to be justified in the present case. 
Procedure (iii) was used to estimate the mean escape depth 
+ 0 
of 850 eV electrons through silver and gives a value of 6.1 - 0.5 A. 
The form of the dec~ for the 60 eV nickel signal does not allow the 
procedure described above to be used. However the signal was very 
small at the one monolayer stage and had completely disappeared befoDe 
two monolayers were formed. Henoe the moan escape depth for 60 eV 
electrons through silver is' about one atomic l~er. The use of bao~ 
ground nulling teohniques (128) would enable a more aocurate value to 
be obtained, sinoe in the present oase the rapidly sloping background 
in the low energy region of the Auger traoes made it diffioult to 
assign values for the strength of the 60 eV niokel signal. 
The values quoted for the mean escape depth are the values 
whioh apply for the retarding grid speotrometer used. It was stated 
in ohapter 3 that these values must be corrected if they are to be 
used for other speotrometers or in a theor,y of electron mean free paths. 
Seah (40) has shown that the oorreotion faotor for a typioal retarding 
grid speotrometer is 1/0.1, whioh will lead to oorrespondingly larger 
values for n than those quoted. 
o 
The affeot of differing baoksoattering faotors on the values 
for the mean esoape depths must be oonsidered. The dec~ of the 
substrate Auger signal with deposit thiokness will be unaffected in 
the early stages of deposition. This is beoause the baoksoattered 
eleotrons that give rise to Auger eleotrons from the substrate would 
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not be significantLy altered by the presence of a thin overlayer. 
As the overlayer builds up the backscattering factor for the substrate 
will remain the same, but attenuation of the primar,y beam will occur. 
This would be most significant in cases where the electron mean free 
path in the overlayer is less than that in the substrate. Silver on 
nickel falls into this categor,y, since the electron mean free path 
decreases with increasing atomic number (40). Experimentally this 
would cause the Auger signal from the substrate to disappear at a 
somewhat earlier stage than would otherwise be the case. However, if 
equation 3.12 is used to determine the mean escape depth then the 
affeot of differing backsoattering factors may be ignored. In this 
case the two parameters required are IB~ , the signal from the clean 
substrate, and I lBA, the signal covered by one layer of deposit, and 
for the reasons given above these will be unaffected. 
The affect of differing backscattering factors on the Auger 
signal. from the overlayer is more significant. In cases suoh as 
silver on niokel it has been shown by Tarng and Wehner (132) that the 
signal from the overlayer rises more rapidLy than it would for 
a oonstant baokacattering factor. If I~ is the saturation Auger signal 
that - would have been observed with constant baokscattering factor, 
then the signal actually observed is given by equation 3.13. Hence 
the value of I~used to determine n may be in error to the extent of 
o 
the faotor in braokets in equation 3.13. A knowledge of the bac~ 
o 
scattering factors would enable the value of I~ to be corrected, but 
at present the backscattering factor is known only for a few elements. 
The backscattering faotor has been determined for Silver, and although 
values are not available for nickel there are values for selenium 
which is close to nickel in the periodio table. Using the results for 
silver and selenium obtained b.1 Smith and Gallon (134) gives r A • 1.5 
and r B a 1.3, under the experimental conditions usod. Henoe using 
o 
equation 3.13 to correot the value of I~ and then substituting into 
equation 3.12 gives the mean escape depth for 355 eV eleotrons in 
o 
silver as 5.2 A. This is not ver,y different from the value obtained 
,using the observed value of I~ and is well within the limits of 
experimental error. 
The sticking coeffioient 51 for silver on nickel is obtained 
from the slope of the linear portion of Figure 5.4, together with 
equation 3.2 and , the known arrival rate, and was found to be 
+ ' 51 • 0.1 - 0.2, under the oonditions of the experiment. The sticking 
ooeffioient of silver on silver 52 can be found using equation 3.1 and 
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the slope of the log (1 -~) versus t plot (Figure 5.6) for t>tl • loo 
This gives the result S2 a 0.31 ! 0.15. S2 can also be obtained from 
the slope of the log ~) versus t plot (Figure 5.1) for t > tl which 
Ie ... 
gives the result S2 a 0.3 ~ 0.1. These results are in reasonable 
agreement considering the large scatter of the data in Figure 5.1. 
This result is suprising~ low, since for metal-metal combinations 
the sticking coefficient is often nearer unit,y (101). However in 
oases where layer by l~er growth occurs one would expect to find 
Sl~S2' since the occurrence of layer growth implies strong bonding in 
the initial stages of deposition. 
Having obtained the two sticking coefficients Sl and S2 the 
total deposit thickness may be calculated from the known arrival rate 
and the total deposition time. For a total deposition time of 9000 
. 0 
seoonds this gives a deposit thickness of 21 ! 1 A. The uncertainty 
arises predominantly from the value of the stioking coefficient S2 
which itself is subject to large uncertaint,y. 
For any deposition of silver in \-1hich layer growth occurs 
and substantially more than one monolayer is deposited, the sticking 
coefficient S2 of silver on silver is the dominating . one. A separate 
experiment was performed to measure the mean sticking ooefficient for 
a prolonged deposition to see if the value obtained was in agreoment 
with the value found from the Auger data. In the subsidiary experiment 
silver was deposited from the Knudsen source at the same rate as in 
previous experiments, the substrate being a t,ypical (001) nickel film 
at room temperature. Silver was deposited ' for 400 minutes and then 
the mass of silver present found by photometric analysis. The mean 
sticking coefficient is given by the ratio of the mass detected to 
the expected mass, oaloulated assuming unit,y stioking coefficient. 
The photometrio analysis was complioated in the present c~Be because 
it was essential to remove the nickel prior to the silver determination, 
as the presence of nickel would affeot the result (44). The nickel was 
removed by dissolving in dilute sulphuric acid, which should not affect 
the silver layer. The value of the mean sticking coeffioient was 
found: to be less than 0.5, whioh is in reasonable agreement with the 
previous value of 0.31. It is not possible to be more precise because 
of large errors involved due to the very small mass of silver (less 
than III gm) and the possibili t,y of nickel contamination. 
The sensitivity of the Auger eleotron spectrometer under the 
operating oonditions described m~ be determined onoe the time for 
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formation of the first monol~er is known. Starting with a clean 
nickel substrate the 355 eV silver signal was just distinguishable 
from the background noise after thirt,y seconds deposition. The time 
for deposition of one monolayer was found to be 400 ! 50 seconds 
whioh means that 0.08 of a monolayer of silver was just detectable. 
Finally oonsideration must be given to the role of the 
chlorine contaminant in the experiment. Residual gas analysis had 
shown that there was a small (_10-12 torr) partial pressure of chlorine 
in the system throughout the experiment. It therefore seems likely 
that tho chlorine detected on all the surfaces under investigation 
was a result of adsorption from the gas. This would be consistent 
with its substantially constant value throughout. However, no trace 
of chloride struotures could be found in transmission electron 
diffraotion patterns, suggesting that the adsorption was only temporar,y. 
5.3.2 Thermal Treatment 
The Auger trace taken after a silver-nickel sample had been 
left in the vacuum for 56 hours at room temperature was identical to 
the trace obtained from the freshly deposited' surface. The silver peak 
was the same size and neither nickel signals had reappeared. This means 
that substantial alloying between the two films or a change of morphology 
does not ocour at room temperature. If any change had oocured whose 
net result was to bring nickel closer to the surfaoe then the 850 eV 
niokel peak would have reappeared, since at 9000 seconds of silver .. \ 
deposition the 850 eV nickel peak was only just extinguished. 
When a similar silver-nickel specimen was heated to 3000 C a 
change was· observed in the Auger trace after about 30 minutes. This 
was: before 3000 0 was reached; sinoe the speoimen holder took 
approximately I hour to reaoh 3000 C. The two nickel signals reappeared 
and the size of the silver signal was reduced. The behaviour of the 
Auger signals as a funotion of time after the speoimen had reached 3000 0 
is shown in Figure 5.8. The 355 eV silver peak is seen to drop to below 
half its initial value, this change being aocompanied by a reappearance 
of the 850 eV niokel signal. The 60 eV nickel signal shows a very 
gradual increase in strength throughout the anneal, never reaching a 
value· above 0.15 of the bulk value. This last result is of particular 
importanoe beoause of the small esoape depth of 60 eV electrons through 
silver. For the signal to reappear at all implies the presence of 
nickel within one or two atomio layers of the surfaoe. However, since 
the size of the niokel signal was never greater than 0.15 of the bulk 
value it is unlikely that large areas of the niokel subst.rate were 
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being unoovered. 
It is worth noting that the silver-niokel bicrystal underwent 
a ohange in appearanoe following the anneal. Speoimens prior to the 
anneal had a smooth mirror-like appearanoe, but on heating developed 
a 'orazed' appearance. Figure 5.9 shows a'photograph of a typical 
speoimen before and after heating. 
This behaviour indicated that the silver-nickel oombination 
had alloyed· or undergone some change in morphology. That a change of 
morphology had oocured was subsequently shown by eleotron mioroscopy 
and diffraction, the results of which are shown in Figures 5.10 and 
5.lla, 5.llb. Figure 5.10 shows the transmission diffraction pattern 
taken at 100 keV. The bright spots are due to the (001) niokel 
substrate film. Just inside the low index spots, faint but sharp spots 
with no streaking can be seen. Accurate measurement of the diffraotion 
pattern, using a microdensitometer traoe of the image plate, identified 
the spots as having the same spaoing as would be expeoted from bulk 
silver. Henoe the silver was not detectably strained, which is in 
agreement with the prediotions of pseudomorphism theory. In addition, 
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Figure 5.9 Appearance of the silver-nickel bicrystals 
a) before heating b) following a 3000 C anneal. 
since the silver spots were sharp with no evidenoe of streaking the 
silver-nickel crystals were not alloying. A bright field micrograph 
is shown in Figure 5.lla. The dark regions were shown to be silver 
islands by dark field microsoopy using the (220) diffracted beam from 
the silver, giving the micrograph of Figure 5.llb. 
The existence of silver islands on the nickel is interesting 
with referenoe to the strength of the Auger signals shown in Figure 5.8. 
If the silver overlayer was- beooming mobile at the increased temperature 
and forming into islands then large areas of nickel substrate would be 
exposed between the islands. This would give rise to a substantial 
60 eV Auger peak from the nickel, which was not observed. In a similar 
fashion if the silver present was in the form of large islands whose 
thickness was in exoess of the escape depth of Auger electrons, then 
the strength of the silver Auger signal as a fraction of the bulk signal 
should be approximately equal to the fractional coverage of the silver 
islands. In the present oase the islands are certainly thicker than 
the escape depth of the relevant Auger electrons, as evidenced by their 
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Figure 5.10 Transmission electron diffraotion pattern at 100 keV 
of a Ag - Ni specimen annealed at 3000 C in vaouum. 
opacity to 100 keV electrons under microscopy. The strength of the 
silver Auger signal at the end of the experiment would indioate betw~~n 
60% and 10% silver coverage. Reference to Figure 5.llb shows that the 
actual ooverage of the islands is much lower than this, in the region ' 
of 20%. 
A possible explanation of this discrepancy is the existence 
of a monol~er of silver strongly bonded to the nickel substrate. 
On heating this l~er does not undergo significant diffUsion, but 
subsequent l~ers of silver not bonded to nickel may diffuse and form 
into islands. The net result of this process is shown schematically 
in Figure 5.12. A structure of this type would give rise to a very 
large Auger signal from the silver and would also allow a substantial 
850 eV nickel signal to be detected. The 60 eV niokel signal would 
however be very weak since fe\i 60 eV electrons would be ab le to escape 
through the monolayer of silver. A struoture of this type is not 
inoonsistent with the results obtained from electron microsoopy because 
the single l~er of silver would not scatter suffioiently strongly for 
its presenoe to be detected in dark field. 
It is also worth noting that silver bonds very strongly to 
niokel is implied by the results for the sticking ooeffioients in which 
it was found that Sl:>S2. 
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Figure 5.12 Schematio representation of the possible structure of 
the silver-nickel specime~ following heat treatment. 
The changes that would occur in the strength of the Auger 
signals when rearrangement of the atoms on the surfaoe occurs are 
interesting with respeot to the scatter of experimental results 
obtained for silver on niokel at room temperature. It was a feature 
of all the runs made that oonsiderably lower scatter of the data for 
the 355 eV silver · peak was observed for t <tl than for t >tl t and it 
seems unlikely that this increased scatter was due to instrumental 
instability. In fact for the region between 500 and 1200 seconds of 
deposition there are three more or less equally spaced dips in the 
curve. A possible explanation of this is that regions of the (n+l)th 
l~er were being formed from the existing nth l~er as a result of 
surfaoe mobility of the silver atoms. Such an unoovering process 
between measurements could lead to a reduotion in the strength of the 
total signal. The threa dips in the plot of the silver data oould not 
be correlated with any change in the 850 eV nickel signal but this was 
primarily due to the larger soatter of all the experimental points for 
this particular Auger signal. If an uncovering process was ocouring 
in the silver overl~er one would expect the dips in the silver data 
to be oorrelated with an increase in the strength of the signal from 
the substrate. The dotted curve of Figure 5.5 obta~ed for the 60 eV 
nickel data m~ have been evidenoe of a similar phenomenon oocuring 
during the growth of the ini tial l~er. That irregularities of this 
sort were only observed onoe for the region between 0 and 400 seconds 
might be a result of the stronger bonding of silver atoms to nickel 
than of silver to silver. Thus the first silver atoms to arrive might 
undergO oomparatively little surface diffusion and form a atable l~er 
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strongly bonded to the nickel. Subsequent silver atoms arrlvlng on 
top of other silver atoms m~ not bond so strongly and undergo surface 
diffusion, leading to irregularities in the plot of the Auger data. 
This possibilit,y is supported by the results of the annealing 
experiments in which depositions at room temperature resulted in a 
two dimensional morphology which was apparently stable. However on 
heating the silver very rapidly formed three dimensional islands, 
suggesting that the two dimensional morphology m~ be metastable, and 
kinetio effects m~ occur even at room temperature. Such conversion 
of a metastable to a stable structure has been observed for platinum 
deposited on gold (62). 
5.3.3 Misfit Determination 
Measurement of relative lattioe oonstants following the 3000 0 
anneal had .shown that the silver islands were not strained to fit the 
niokel substrate. However no information had been obtained on the 
misfit of the silver when in the form of a thin l~er. Experiments 
were performed to measure the misfit with silver overl~ers of two and 
six monol~ers in thickness. The misfit in each case was measured 
from a microdensitometer trace of the image plate, obtained by 
transmission electron diffraction of the composite silver-niokel film. 
In both cases the silver was found to have the bulk lattice spacing and 
hence pseudomorphism does not ocour for the system of silver on nickel 
(001), which is in agreement with the predictions of theory. 
Unfortunately as a result of low beam intensities it was not possible 
to image misfit dislocations in either specimen. Misfit dislocations 
were visible in miorographs of the silver islands from samples which 
had undergone a thermal anneal and a t,ypical miorograph is shown in 
Figure 5.13. The dislooations form a crossed grid, the direction 
of the dislooations being al~ilg [110] and [lIoJ. Because of insufficient 
beam intensit,y it was not possible to determine the Burgers veotors of 
the dislooations and hence verify the prediction of Matthews (69) that 
misfit dislocations in silver should be partial dislocations for low 
deposit thicknesses. 
5 .4 Summary 
The experiments desoribed, in ,.,hich silver was deposited on 
olean nickel surfaces and the change in strength of the Auger signals 
monitored, did not show complete agreement with the theory" outlined in 
chapter 3. There was well defined l~er growth in the initial stages, 
but following the completion of the first l~er the preoise variation 
predioted by theory was not obtained. The silver did however form a 
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Figure 5.13 Eleotron miorograph of silver on niokel showing a 
orossed grid of dislooations. 
oontinuous deposit and the deviations from theory are thought to be 
due to surfaoe mobility. It is possible that experiments at lower 
temperatures would show better agreement. Close agreement between 
theory and experiment would enable an absolute calibration of the 
Auger intensities for this combination of materials. Nevertheless 
the Auger data does show unambiguously that layer growth was occuring 
in the initial stages and enables an absolute oalibration for this 
restricted region. This information would enable precise starting 
oonditions to be set up in situ for a surface diffusion experiment, 
in which for example, a quantity of silver could be deposited in a 
looalised region on the nickel and its subsequent surface diffusion 
monitored. The 60 eV nickel signal would be particularly useful for 
such an investigation because of its sensitivity to small ooverages 
of silver. 
Despite the laok of complete agreement between theory and 
experiment the results do allow the sticking coeffioients for silver 
on niokel and silver on silver to be obtained, together with values 
for the mean escape depth of Auger eleotrons in silver. In addition 
103 
the tl'10 values of sticking coeffioient together ,·Ii th the known 
arrival rate and the deposition time enable the total deposit thicknesn 
to be calculated. 
The annealing experiments show that, as is the case for the 
bulk materials, nickel and silver do not alloy when in thin film form. 
Also the rapid change from a two dimensional to a three dimensional 
morphology on heating indicates that the t\1TO dimensional structure ma;;! 
be metastable. 
Final~ it ma;;! be noted that silver deposits epitaxially on 
(001) nickel at room temperature, but no evidence could be found to 
show that the misfit between nickel and silver lattioes is either 
total~ or partial~ accommodated by elastio strain. 
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CHAPTER 6 
COPPER ON NICKEL 
EXPERIMENTAL , PROCEDURE, RESULTS AND DISCUSSION 
6.1 Introduction 
A series of experiments was performed in which copper was 
deposited on (001) surfaces of nickel prepared insid e the vacuum 
chamber. In the first set of experiments the nickel substrate was at 
room temperature and copper was deposited in stages from the Knudsen 
source. After each deposition stage the Auger signals from the 
specimen were recorded and their dependence on deposition time 
obtained. In a second set of experiments, still with the nickel 
substrate at room temperature, various amounts of copper were deposited. 
The composite copper-nickel films were then removed from the vacuum 
chamber and transferred to the electron microscope, where misfit 
measurements were obtained. This experimental procedure was then 
repeated, except that the nickel substrates were exposed to the residual 
gas for several hours and an attempt was made using AES to detect 
adsorption of gas. 
Following the experiments at room temper ature the experimental 
procedures were repeated for a nickel substrate t emperature of 300 ~ 200 C. 
6.2 Experimental Procedure for Depositions at Room Temperature 
6.2.1 Preparation of the Substrate 
o 
Single crystal nickel films about 1500 A thick with an (001 ) 
face were used as substrate crystals. They wer e prepar ed in an exactly 
similar fashion to that already described in sect i on 5.1.1 for the 
deposition of silver on nickel. 
6.2.2 Deposition of Copper 
Following the deposition of the ni ckel subst rate the rocksalt-
nickel specimen was allowed to cool to room temperature. The structur e 
of the nickel was confirmed to be single crystal with an (001) face, 
using the LEED facility, and an Auger trace of the nickel surface was 
obtained. 
Copper was then deposited at normal inc'idence on the ni ckel 
+ 0 -1 
at an arrival rate of 0.6 - 0.1 A. min from t he Knudsen source, the 
pressure duri ng deposition being between 5 x 10- 9 torr and 3 x 10-8 torr. 
In the first experiment the copper was deposited in two minute stages 
using the shutter, with the copper source turned off after each stage. 
Following each deposition stage the Auger spectrum of the surface was 
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obtainod, and in the initial experiment the deposition was continued 
until the copper Auger signal had reached a constant value. The Auger 
spectrometer parameters were the same as those used for the silver-
niokel experiment, namely a primary energy of 2 keV and a modulation 
of 1 volts r.m.s.. In subseqQent experiments the first stages of 
copper deposition were studied in greater detail by reducing the 
deposition time for each stage to 30 seconds. 
With the system copper on nickel it is not possible ' to observe 
the dec~ of the substrate signal directly beoause the 850 eV L3M45M45 
nickel signal is coincident with the L3M3M4? copper signal. Hence the 
signal observed at 850 eV is a combination of a signal from the nickel 
which dec~s with deposition time and a signal from the copper which 
inoreases with deposition time. A method of estimating the oontribution 
from the nickel substrate will be desoribed in seotion 6.3.1. During 
the oourse of these experiments RHEED photographs were not taken to 
avoid the possibility of damage to the copper-nickel specimen. In a 
subsequent experiment RHEED was used to gain information on the morphology 
of the oopper deposit in the early stages. Copper was deposited on ~he 
olean niokel substrate in two minute stages and a series of 15 keV, 
<110> azimuth, RHEED photographs obtained. 
In a second set of experiments, with identioal starting 
o 
oonditions, various expeoted thicknesses of copper ranging from 3 A to 
97 i were deposited on niokel substrates. The copper-niokel specimens 
were then removed from the vacuum ohamber, floated off the rooksalt 
and caught on copper grids. These speoimens were examined in the 
electron miorosoope and misfit measurements obtained by a oombination 
of THREED, Moire, and dislocation techniques. 
6.3 Experimental Results and Disoussion 
6.3.1 Auger Investigation 
The data for the growth of the copper 920 eV L3M45M45 Auger 
signal as a funotion of deposition time are shown in Figu;e 6.1. In 
the early stages the oopper signal is seen to rise linearly up to about 
eight minutes of deposition, following which the increase becomes 
progressively less rapid and eventually approaches a constant signal. 
Chl ' , 
The value of I~ used is the signal obtained at long deposition times, 
whioh oould not be oonvenientally shown in the Figure. The general 
shape of the graph is seen to be very similar to that of Figure 5.4 
for the growth of the silver Auger signal with deposition time. 
Figure 6.2 shows an Auger traoe taken after 60 minutes of oopper 
deposition. 
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Figure 6.1 Growth of the 920 eV oopper Auger signal with deposition 
time. 
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Figure 6.2 An Auger trace taken after 60 minutes of copper deposition. 
The 920 eV copper peak and the composite copper-nickel peaks can be 
olearly seen, together with the peak due to chlorine. 
The 850 eV L3M45M45 signal from the niokel substrate could 
not be obtained direct~ beoause of the presence of a copper peak at 
the same energy. The oontribution to the total observed signal at 
850 eV whioh originated from the nickel substrate was estimated in the 
o 
following way. An Auger trace of a clean, thick ( ..... 1000 A) film of 
oopper was obtained, revealing the larger L3M45M45 peak at 920 eV and 
the subsidiary L3143~145 peak at 850 eV. The ratio of peak to peak 
heights of the 850 eV signal to the 920 eV signal was then determined 
. and found to be 0.47. It was then assumed that whenever a 920 eV copper 
peak of X units was observed there would be assoc~ted with it a peak 
at 850 eV of 0.47 X units. Hence by subtraction, the contribution to 
the total 850 eV signal originating from the niokel may be obtained. 
This prooedure may only be used when the two Auger signals of interest 
are ver,y olose together in energy, otherwise differences in escape depth 
would alter the ratio of the two signals as deposition proceeds. 
108 
Even in cases \-1here the tl'lO signals of interest are very close together 
in energy the procedure will inevitab~ lead to increased uncertainty 
in the experimental results. 
The dec~ of the 850 eV nickel signal obtained by the above 
method is shoun in Figure 6.3. 
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Figure 6.3 Dec~ of the 850 eV nickel signal with deposition time. 
The signal is seen to deoay rapid~ during the first ten minutes of 
deposition, after which the dec~ becomes considerab~ less rapid. 
As a result of the large scatter and the error involved in the 
determination of eaoh point it is not possible to discern linear regions 
on the graph. 
The similarity between Figure 6.1 and Figure 5.4 suggests that 
l~er by layer growth may be oocuring in the present system of copper 
on nickel. In the case of silver on nickel the rapid dec~ of the low 
energy M3M4M4 peak at 60 eV from the nickel provided conclusive evidence 
for l~er growth. In the present case the low energy nickel peak could 
not be recorded because of the M3)i4I.14 peak from copper wi thin 1 eV of 
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the nickel signal. The procedure described previously for separating 
the t''10 contributions ~ms thought to be invalid in this case because 
of the difference in escape depths for 920 eV and 60 eV electrons. 
However, the four grid Auger spectrometer used should be able to resolve 
two peaks near, 60 eV separated by about leV. This 'fas attempted, the 
modulation and primary beam energy used for AES being reduced to 1 volt 
r.m.s. and 1 keV respective~, to increase resolution and ionization 
cross-section. It was found impossible to resolve the signal'S 
adequate~ to allow measurement of their individual strengths, and 
frequent~ the two signals could not be resolved at all. 
If the copper was growing in l~er by l~er fashion then 
beyond the first l~er the time dependence of the copper signal should 
be exponential. A semi-logarithmic graph of (1 - I A) against deposition 
is shown in Figure 6.4.. r: 
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Figure 6 .. 4 Graph of log (1 - I A) against deposition time for the 920 eV 
copper signal. 1: 
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For deposition times beyond about ten minutes the experimental points 
do seem to indioate a straight line, though the evidence was not 
conclusive. 
It was therefore decided to perform an independent experiment 
using RHEED to study the early stages of copper deposition. A nickel 
substrate was prepared in an identical manner to that already described 
and after it had cooled to room temperature RHEED photographs of the 
surface were obtained. Copper was then deposited at the same constant 
rate in two minu·te atages. Following each deposition stage the crystal 
was rotated to the RHEED position and a 15 keV <110> azimuth photograph 
taken. The photographs obtained are shown in Figure 6.5. The 
photograph of the nickel substrate shows streaks characteristio of a 
flat single crystal. After two minutes of copper deposition the RBEED . 
pattern has begun to change, having a less streaked appearance. 
The reciprocal lattice of an infinite two dimensional mesh 
(e.g. a perfectly flat single crystal surface) consists of a set of 
parallel rods of infinite extent normal to the crystal face. If, however, 
the electron beam samples more than one lattice plane the reciprocal 
lattice rods begin to alter in shape, becoming more 'balloon-like' (96.,. 
The intensity maxima in the rods occur at angles corresponding to Bragg 
reflections and also at positions corresponding to maxima in the shape 
transform of the thickness of orystal being sampled. In the present 
case the ohange in appearance of the RHEED pattern indicates that the 
eleotron beam is sampling additional orystal planes. As oop~r 
deposition continues this change in appearanoe, i.e. loss of streaking, 
becomes progressively more pronounced and is most evident after about. 
eight to ten minutes of deposition. Further deposition of copper yields 
RHEED pat~erns which show some tendenoy for a return to the streaked 
pattern. The appearance of the RHEED photographs in the range two - ten 
minutes of copper deposition indicates that the copper was not growing 
in true l~er b,y l~er fashion. The fact that the electron beam samples 
more crystal planes following the copper deposition oan best be explained 
if the copper was in inland form. However, the diffraction patterns 
.did not show at any stage the sharp spots which can sometimes be seen 
as a result of transmission diffraction through hemispherical islands, 
and henoe it seems likely that the islands were fairly flat. 
The evidence from the Auger investigation together with the 
RHEED experiment indicates that the copper was not growing in true layer 
by layer fashion. In the early stages the oopper appears to form islands, 
although it is thought the islands were flat. As deposition continued 
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the copper coverage becomes relatively large, as evidenced by the 
strong copper Auger signal (greater than 0.5 I~ for t = 20 minutes) 
and by the tendencY for the RHEED features to return to the streaked 
pattern. Once high coverage had been obtained the following growth 
would be predominantly copper on copper, and would approximate to 
l~er growth. This could give rise to the approximate~ exponential 
form of the Auger data observed for larger values of t. 
The experiment described above shows that it is not ' always 
possible to identif,y l~er by l~er growth solely from the Auger data. 
This is particularly difficult in the absence of a low energy signal 
from the substrate. In the present case it was found neoessaryto 
perform an additional experiment before a conolusion could be reached. 
Further evidenoe on the mode of growth of the oopper was obtained from 
eleotron miorosoopy of oopper-nickel specimens described in the next 
seotion. 
In the absence of true l~er by layer growth it was not possible 
to use the prooedures desoribed in chapter 3 to determine mean esoape 
depths or sticking coeffioients. This was particularly unforttmate in 
the present oase because oopper and niokel are next to each other in 
the periodio table and hence should have ver,y similar backscattering 
faotors. Therefore the uncertainty in determining n described in 
o 
ohapter 3 does not exist. Experiments at lower temperatures might show 
true l~er by l~er growth and the oorresponding Auger data should yiel~ 
a reliable value for the mean escape depth of 920 eV eleotrons in copper. 
Finally the time dependenoe of the reoorded Auger traoes was 
investigated. In the first experiment oopper was deposited on nickel 
for 160 minutes, this deposition time resulting in a specimen which 
reoorded an Auger trace identical to that obtained from thiok copper 
o films (~1000 A). The speoimen was then left overnight at room 
te~perature and in a Vaouum of 1 x 10-9 torr, after which an Auger traoe 
was' obtained. The traoe was identical, within the limits of 
experiment&! unoertainty, with the trace from the freshly deposited 
oopper. In a seoond experiment copper was deposited on nickel in two 
minute stages and an Auger trace taken after eaoh deposition. However 
in this case the time between completing each deposition stage and 
obtaining the Auger trace was 15 minutes, whereas in previous experimen~s 
the Auger trace had been obtained within two minutes of deposition. 
If alloying was occuring between the thin deposits of oopper and the 
niokel substrate' then the graph of Auger ourrent against deposition 
time should show a less rapid time dependenoe than those previous~ 
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obtained. It was found that the variation of the oopper Auger signal 
with deposition time was identioal, within the limits of experimental 
uncertainty, to the results from the previous experiments. It therefore 
seems unlikely that significant surface rearrangement or alloying ocours 
in either thick or ver.y thin oopper films on niokel at room temperature. 
This is of particular importanoe in pseudomorphio investigations of 
oopper on niokel, since an interfacial alloy would signifioantly affeot 
pseudomorphism in the speoimen. It must however be emphasised that 
the above oonolusion is based upon observation of the high energy oopper 
Auger peak whioh m~ not be sensitive to small amounts of surfaoe 
rearrangement. Observation of the niokel and oopper low energy M)li14l>14 
peaks using a high resolution Auger speotrometer would allow a more 
definite oonolusion to be drawn. In addition the present experimental 
arrangement would not deteot alloying if the time for the interfacial 
alloy to form was very small. This is a result of the finite time 
required to move the or,ystal trom the deposition position to the position 
for AES. 
6.3.2 Eleotron Mioroscopy 
Figure 6.6 shows a series of micrographs of typioal areas of 
oopper-nickel speoimens in whioh various amounts of copper were deposited 
on olean niokel surfaoes at room temperature. The miorograph taken 
after five minutes of deposition does not reveal copper islands, nor 
is there oonolusive evidenoe of Moire fringes or misfit dislooations. 
The on1y evidence of oopper is a slight granularity in parts of the 
surfaoe. An Auger trace of tho speoimen taken whilst still in the UHV 
chamber positive~ revealed the presenoe of copper and hence the copper 
must have been complete~ pseudomorphio. The micrograph taken after 20 
minutes of deposition is interesting in that it shows patches of copper 
whioh, judging from their near transparenqy, are fairly thin. 
Furthermore the ooverage of oopper is high, in accordance with the 
conolusions from the AES and RHEED experiment. Figure 6.6c shows the 
appearanoe of the oopper atter 60 minutes of deposition. The copper 
has beoome fairly thiok with a high ooverage, and l>loire fringes can be 
. seen in plaoes. Finally Figure 6.6d shows 80 minutes of oopper 
deposition. There is very nearly oomplete ooverage and Moire fringes 
oan be readily seen. 
Before a graph of misfit against film thiokness could be plotted 
it was necessar,y to relate deposition times to aotual film thickness. 
The stioking ooefficient oould not be found from the Auger data in this 
oase and hence an independent determination was required. The absolute 
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arrival rate from the Knudsen source had been determined by photometrio 
analysis and was found to be 0.6 ! 0.1 ~ min-I. The mean sticking 
ooefficient was found initially for deposition' of copper on nickel at 
3000 C, since the result was required for later experiments. The value 
was obtained by depositing oopper for a known time and then determining 
the mass of copper actually present by photometric analysis. Assuming 
bulk density for the copper the mean sticking coefficient was found to 
be 1.02 ! .05 i.e. unity. The experiment was not repeated at room 
temperature since the sticking coefficient is unlikely to be less at 
the lower temperature; hence a stioking coefficient of unity was assumed 
throughout for -depositiotlB of oopper on niokel. 
Figure 6.7 shows a plot of the measured elastic strain in the 
overgrowth against mean deposit thiokness. The values were obtained 
from the spaoing of Moire fringes for thinner films and from both Moire 
fringes and THREED measurementa for thioker deposits. The values 
obtained are shown in Table III for oomparison between the THREED and 
Moire results. The values of misfit obtainod b~ THREED are thought to 
be aoourate to about 2% of the value quoted, whereas the lt10ire teohnique 
is uncertain to about 15%. The Moire fringe determinations were made 
by photographing regions of the sample where frinees could be olearly 
seen. In regions where the fringes were approximately parallel the 
fringe spaoing was obtained from a microdensitometer traoe across several 
frinees. Each value of misfit sho~m in Table III is an average value ' 
obtained from the spaoing of several fringes in one particular area. 
A typioal miorodensitometer traoe is shown in Figure 6.8. THREED is 
not readily applioable in cases of ver,y small misfit or for low deposit 
thioknesses. In the oase of low deposit thickness the intensity of the 
diffraoted spot from the overl~er is weak in oomparison to the spot 
from the substrate, and the two diffraoted spots oannot be separated. 
For this reason THREED measurements were not obtained for deposit 
thioknesses below 27 i. It was not possible in any of the speoimens 
to obtain olear images of misfit dislocations, and hence misfit 
determination from the spacing of dislooation lines was not made. 
Figure 6.7 also shows the predicted values of elastio strain 
against film thiokness for copper on nickel. The values were calou1ated 
using equation 2.8, original~ taken from Matthews and Crawford (36). 
The shear modulus of the interfaoe Gi was put equal to the shear 
modulus of oopper, which is lower than the value for niokel. A higher 
value of interfaoial shear modulus would lead to a oorrespondingly 
larger prediction of elastio strain. 
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Figure 6.7 Variation of elastio strain with deposit thiokness; 
ourve A experimental results, ourve B theoretioal prediotions. 
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TABLE III 
Film Misfit ! Average Jolisfi t Thickness (Moire) strain (THREED) 
0 % % % A 
3 2.90 
6 2.90 
9 1.30 1.10 
12 1.60 1.31 
1.66 
1.52 
18 1.70 1.03 
2.05 
21 2.39 0.52 2.40 
2.75 
2.37 
2.00 
36 1.99 0.91 2.41 
42 2.15 0.17 2.39 
2.11 
48 2.3 0.6 2.64 
96 2.62 
ACTUAL SIZE 
densitometer gain 
image plate 
)t 50 
)( 100000 
Figure 6.8 Miorodensitometer traoe of Moire fringes. 
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Strain 
% 
.. 
0.51 
0.43 
0.51 
0.26 
0.28 
The experimental results and the prediotions of theory 
appear to be in reasonable agreement. It is however unusual for the 
observed strain to be lower than the theoretically predicted value. 
Normal~ the observed elastic strain is greater than expected and this 
has been interpreted in terms of dislocation interaotion (36) or 
interferenoe from oxide layers (75,107). However the theoretical 
treatments of pseudomorphism assume the overlayer to be of oonstant 
thiokness and uniformly strained. This was not the case in the 
experiments reported, particularly in the early stages of film growth. 
Th~s the values plotted as abscissae are average values of film 
thickness and the actual film thickness may have been considerably 
greater in parts. In addition, the Moire and THREED results from the 
same speoimen were not always in agreement, even if the large error 
assooiated with the Moire determination is allowed for. The reason 
for this discrepancy is probably because the THREED method averages 
the misfit throughout the whole region of the specimen sampled by the ' 
electron beam, whereas the Moire teohnique determines misfit in a 
looalized area. The discrepancy does show however that the copper film 
was' not strained uniformly, since if that were the case the THREED and 
Moire results would agree within the limits of experimental error. 
The value of E shown was obtained from the bulk misfit 
o 
between two thiok, single crystal copper and nickel films. The two 
films were prepared separately and then placed on the same electron 
miorosoope grid and a THREED photograph obtained. The bulk misfit was 
determined from a microdensitometer soan of the image plate, and was 
found to be 2.9 ! 0.1%. This prooedure was used by Kuntze (107) to 
determine the bulk misfit for oopper and niokel, and a similar result 
was obtained. This result is not in agreement with the caloulated 
value of 2.59%, obtained from values of the lattice constants (146) 
and the equation for lattice misfit. The materials used by Kuntze and 
in the present work were spectroscopioally pure nickel and grade I 
oopper supplied by Johnson, Matthey and Co. Limited. Kuntze suggested 
that the larger value of M refleoted the purity of the materials and 
o 
the possible incorporation of residual gas into the gro~ling film. 
AES of the present samples did not reveal significant impurities, with 
the exception of the chlorine peak already discussed in chapter 5. 
Nevertheless reference to Figure 4.8 shows that the largest partial 
pressure of gas in the system was due to hydrogen and it has been shown 
(147) that inolusion of hydrogen in f.o.o. metals oan lead to significant 
ohanges in the lattioe parameter. Thus oomplete oocupationof the 
~ _ r r 
,. , 
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octahedral voids in the f.c.c. structure can lead to a 5% change in 
the lattice parameter for copper, with proportionate changes for 
lower values of interstitial hydrogen occupation. If inclusion of 
hydrogen was occuring in the present set of experiments then the 
suggestion of Kuntze could explain the observed value of M • 
o 
Reference to Figure 6.1 shows that the average film thickness at whioh 
complete pseudomorphism was lost in the present case was between 
6 and 9 i. This is in reasonable agreement with the prediction of 11 X 
from theory, although it must be remembered that true layer growth did 
not occur in the present case. There was never any indication of 
thicker films showing large values ' of elastio strain and it Seems 
likely that true l~er by l~er grollth of copper on (001) niokel in 
UHV would yield results in close agreement with theory. 
6.3.3 Gas Contamination 
In the experiments desoribed so far the nickel substrate films 
were kept as olean as possible, with the minimum time del~ between 
growing the nickel film and oommenoing deposition of oopper. In a 
subsequent experiment a nickel substrate crystal was prepared in an 
identical manner to those used previously. Following the nickel 
deposition the niokel-rocksalt specimen was allowed to cool to room 
temperature and then left in the residual vacuum (1 x 10-9 torr) for 
five hours. At the end of this period an Auger trace of the specimen 
was found to be identioal to the traoe obtained from freshly deposited 
, nickel. Following this, copper was deposited for 90 minutes, 
oorresponding to a film '. thickness of 54 ± 9 X. An Auger traoe taken 
after copper deposition revealed the 920 eV copper peak, the composite 
oopper-nickel peaks and the small ohlorine peak only. A BHEED 
photograph of the copper surface was obtained and then the oopper-niokel 
speoimen removed from the UHV ohamber and examined in the electron 
miorosoope. Figure 6.9 shows the RHEED photograph of the oopper-niokel 
surface and Figure 6.10 shows a micrograph of the composite copper-
niokel film. The RHEED photograph shows that the surfaoe of the 
oopper overl~er was flat. The miorograph shows the oopper overl~er 
to be oontinuous, and also reveals a orossed grid of widely spaced 
misfit dislocations with lines parallel to <110> type direotions. 
A THREED photograph of the speoimen did not reveal a split low order 
diffraoted spot which means that the misfit was oloDe to zero. Before 
the misfit oan be oaloulated from the spaoing of misfit dislooations 
it is neoessar.y to know the magnitude of the Burgers veotor in the plane 
of the film. The possible Burgers veotors of dislooations in an f.o.o. 
122 
o 
Figure 6.9 15 keY (100) RBEED photograph of 54 A of copper on niokel. 
)( 50,000 
Figure 6 . 10 Eleotron miorograph of the oopper-niokel specimen in whioh 
the substrate was exposed to the residual gas for five hours. 
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crystal which could accommodate misfit in an (001) plane are the pure 
edge ~JPe b = ta[llO], or the mixed type with inclined Burgers vectors, 
b D ±a[lOlJ. The Burgers vector of a dislocation m~ be determined 
by dark field microscopy (105), using the condition that the 
dislocation is invisible if ~.~ = 0, where ~ is the operating 
reciprocal lattice vector and ~ is the Burgers vector. In the present 
case, dislocations wi~h Burgers vectors of the type ia[llO]would be 
out of contrast in (220) type reflections, whereas dislocations with 
b ~ ta[lOlJ would be invisible in (020) type refleotions. Dark field 
microscopy using (220) typerefleotions revealed ,all the dislocations, 
indioating that the dislooations were not of the pure edge type. 
Figure 6.lla shows a region of bright field miorograph in whioh the 
lengths of dislooation oircled are visible. Figure 6.11b shows a dark 
field.; (020) . micrograph of the same area in whioh the lengths of 
dislocation are out of contrast. The Burgers veotors of these 
dislooations are therefore of the type ta[lOlJ. This type of disloc~~ion 
is inefficient for reduoing elastio strain, it is however the type of 
dislooation formed by glide of existing dislooations and hence this 
meohanism would seem to be operating in the present case. 
The dark field investigations were carried out in two w~s. 
In the first instance the eleotron beam was tilted so that the diffraoted 
beam of interest travelled down the axis of the microscope. Figure 6.llb 
was obtained in this manner. In the second oase the eleotron beam was 
in the normal position and the speoimen was tilted until dislooations 
were seen to go out of contrast. On reverting to the diffraction 
pattern the operating reflection was identified as being the most 
intense diffracted spot (149). Throughout the dark field investigations 
it was not possible to obtain diffraction conditions suoh that half 
the orossed grid of misfit dislocations became invisible. This m~ 
however have been due to the fact that edge dislocations give rise to 
two displaoements of the orystal lattioe (150), one parallel to the 
Burgers vector (~), and one normal to the slip plane (R2). The 
condition ~.~ = 0 is satisfied when the displacement ~ is parallel to 
the reflecting planes and hence does not give rise to oontrast. 
However, the displaoement R2 m~ not be parallel to the refleoting 
planes, and if this is the case will give rise to image oontrast and 
the dislocation is visible (105). 
Having obtained the type of dislocation present the misfit 
was oalculated from the spacing of dislooation lines. The maximum 
value of misfit obtained (oorresponding to the minimum separation of 
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dislooations) was 0.3%. The misfit in general was rather less than 
this, and misfits less than 0.1% were observed. The speoimen 
therefore was ver,y near~ complete~ pseudomorphic, which was not in 
agreement with the prediotions of theor,y or with the previous 
experimental results. The on~ way in which the specimen differed 
from the previous set was that the substrate had been exposed to the 
residual gas for five hours prior to copper deposition. 
A subsequent experiment was performed in which a more careful 
attempt was made to identif.y any surface contaminant using AES. 
A niokel substrate or,ystal was prepared in exaot~ the same manner' as 
before and allowed to 0001 to room temperature. The cr,ystal was then 
exposed to the residual gas for five hours and an Auger trace taken. 
Onoe again there was no sign of additional Auger peaks, indicating 
that surfaoe oontamination was below the level of detection, or that 
. 
the inoident eleotron beam was desorbing any gas present. The 
sensitivity of the Auger speotrometer was unkno~ for gases, although 
it had been shown oapable of detecting about 0.08 of a monolayer of 
silver. The same niokel surface was then exposed to the residual gas 
for twelve hours, after which additional Auger traces were obtained. 
The first trace revealed a small signal at 500 volts,. which is thought 
to be due to oxygen. A second trace taken only a few minutes after 
the first did not record a signal at 500 volts. Figure 6.12 sho~m 
two conseoutive Auger traces taken after the niokel surface had been 
exposed to the residual gas for tw~~ve hours. 
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Figure 6.12 Two oonseoutive Auger traces ~f the nickel surface after 
twelve hours under vacuum. 
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The traces were taken using low amplifier gain. to enable maximum 
scan rates to be achieved. The traces shown were taken within one 
minute of each other, and the size of the nickel peak obtained from 
a separate trace is shown for comparison. The experiment was repeated 
except that the energy of the inoident electron beam for AES was 
reduced to 1 keV. The same result was obtained, i.e. the initial trace 
revealed a small signal at 500 volts, but later traces did not. This 
result suggests that oxygen was adsorbed on the niokel surface but 
desorbed by the eleotron beam. The residual gas oomposition during 
these exporiments was similar to that shown in Figure 4.8, the partial 
pressure of oxygen being approximately 10-12 torr. The desorption of 
gases by the inoident eleotron beam has been observed by Tracy and 
Palmberg (151). In their oase oarbon monoxide adsorbed on the surfaoe 
of palladium was so rapidly remove~ that they were unable to deteot 
its presenoe by AES. tEED of the nickel surfaoes gave the 1 x 1 pattern 
identioal to that obtained from freshly deposited niokel, with one 
exoeption. In the oase of a specimen left under vaouum for twelve hours 
a LEED observation at 122 eV showed slight evidenoe of fractional order 
spots. The intensity of these spots was ver.y weak and it was not 
possible to photograph them. In addition LEED observations were diffioult 
beoause of the str~ magnetio field from the ion pump, which at the time 
was inadequately soreened. 
As a result of the inability to detect adsorbed gases with 
AES and the experimental difficulty assooiated with LEED, the gas 
contamination experiments were not pursued fUrther. Nevertheless it is 
worth oonsidering the literature on the (001) surface of the nickel. 
Niokel oxide has been found to grow epitaxially on (001) nickel in 
parallel orientation (153,154). However the lattice constant of nickel 
oxide is 18% larger than that of nickel, and hence pseudomorphism of 
oopper on a layer of niokel oxide is highly unlikely. In addition 
niokel oxide may be readily detected b.1 tEED (153,154) and despite the 
diffioulties with LEED in the present oase some evidence should have 
been obtained if nickel oxide was present. It therefore seems unlikely 
that the true oxide was formed. 
However, tEED observations of the oxidation of a clean nickel 
surfaoe have shown that an intermediate struoture is formed which is 
thought to be Ni30 (155,156,151,159). A schematio diagram of the (001) 
faoe of the Ni30 is shown in Figure 6.13. 
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Figure 6.13 The (001) face of Ni30 (from Farnsworth 159). 
There are several important points about the structure of 
Ni30, the first being that Farnsworth (159) has observed an expansion 
of the nickel lattice of between 2 and 5% on the formation of Ni30. 
Suoh an expansion could well result in there being near zero misfit 
between the substrate and the deposited copper, which would 
considerab~ affect pseudomorphism. Secondly the displaced nickel 
atoms are thought to form a layer on the surface of the sub-oxide (159) 
and hence the deposited oopper may oondense on a nickel surfaoe, with 
the oxide layer underneath. The trapped layer of oxide could impede 
the motion of dislocations at the interface and hence an increase in 
oritioal thickness would be observed. Final~ the sub-oxide was found 
to be extreme~ stable (156,157) and was not decomposed by heating to 
8500 0. 
The relevant literature on adsorption of other gases on niokel 
surfaoes shows that nitrogen (160), oarbon monoxide (156) and water 
vapour (161) are not readi~ adsorbed. Carbon dioxide is adsorbed at 
room temperature (162) but is readi~ desorbed by heating (163) • . 
Hence the two possibilities in the pre~ent case appear to be formation 
of the sub-oxide or the adsorption of oarbon dioxide. If adsorption 
of carbon dioxide had been ooouring then the relative ease with which 
it oan be desorbed oould explain the faot that there was never ~ 
sign of a carbon Auger peak at 270 eVe Because of the difficulty of 
observing adsorbed gas using AES it was not possible to deoide which 
of the two possibilities was ocouring. However there was evidence of 
oxygen adsorption whereas a carbon Auger peak was never observed and 
henoe it' seems likely that some oxygen adsorption was ocouring, 
presumab~ result'ing in formation of the sub-oxide. 
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It was shown by Kuntze (107) that an increased partial 
pressure of hydrogen could lead to a higher degree of pseudomorphism, 
probably as a re.sul t of inclusion of the gas. In the present case 
the nickel and copper depositions were performed under similar 
conditions, and although inclusion of gas may have occured, it could 
not have been the cause of the increase in elastic strain. The presence 
of chlorine on the nickel could not have caused the increase in elastio 
strain since, as with the silver experiment, the amount of chlorine 
deteoted was substantially constant throl~ghout all the experiments. 
The reduction of elastio strain in the p-resent system appears 
to be effected by extension of already existing dislocations. This 
leads to misfit dislocations with inclined Burgers veotors. The presence 
of oxygen at the interface might impede the motion of these dislocations 
in the w~ that solute atoms cause hardening in crystals (56,150). 
As a result the equilibrium length of misfit dislocation would not be 
formed and a larger elastic strain observed in the overgrowth. This 
conjocture is supported by observations of cobalt on copper made by 
Federenko and Vincent (75), in which abnormally large strains were 
interpreted in terms of interference from an oxide layer between 
substrate and oVergrowth. This result also supports the hypothesis 
of interference from oxide layers put forward by Kuntze (107) to explain 
the abnormally large elastio strain observed for deposits of nickel on 
oopper. 
6.4 Experimental Prooedure - Depositions at 3000 C 
6.4.1 Preparation of the Substrate 
The niokel substrates were prepared in exactly the same w~ 
as in previous experiments, with the exoeption that following deposition 
of the niokel the niokel-rooksalt speoimen was heated to 300 ! 200 C. 
An Auger traoe of the hot niokel is shown in Figure 6.14. The chlorine 
peak is no longer evident but a peak at about 150 volts has appeared. 
This is probably the L3M~3M~3 sulphur peak and could be are8ult of 
diffusion of sulphur from the bulk of the nickel. 
6.4.2 Deposition of Copper 
In the first set of experiments oopper was deposited from the 
Knudsen souroe at normal inoidenoe and in stages. Following eaoh 
deposition stage an Auger traoe of the oopper-niokel specimen was 
obtained, deposition being oontinued up to the point where the Auger 
signal from the deposit had reached a oonstant value. As an additional 
part of the Auger investigation of the growth of oopper on ho·t niokel, 
the time dependenoe of the Auger traoes following deposition was studied. 
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Figure 6.14 An Auger traoe of a niokel substrate at 3000 C. 
In a second set of experiments, nickel substrates were 
prepared in an identical manner and following preparation were heated 
to 3000 C. Various thicknesses of capper were then deposited on the 
niokel, after which the oopper-niokel specimen was allowed to cool to 
. room ltemperature. The samples were then removed from the UHV chamber 
and transferred to the eleotron microscope for misfit measurements. 
6.5 Experimental Results and Discussion 
6.5.1 Auger Investigation . 
The growth of the 920 eV copper Auger signal as a function 
of deposition time is shown in Figure 6.15. The dashed line on 
Figure 6.15 is the Auger signal as a function of deposition time for 
oopper on nickel at room temperature. Comparison of the two ourves 
shows that throughout deposition the signal from the oopper deposited 
on hot nickel was smaller than that observed for depositions at room 
temperature. The Auger signal from the niokel substrate was estimated 
in the manner desoribed in section 6.2.1 and is shown in Figure 6.16. 
Again the corresponding signal for deposition at room temperature is 
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Figure 6.16 Deo~ of theo850 eV signal with deposition time 
_____ at 300 C at room temperature o ooverage data-fro;- eleotron miorosoopy 
shown as a dashed line. The deo~ of the substrate signal for 
deposition at 300°0 oan be seen to be somewhat slower than for the 
room temperature depositions. 
Possible events whioh oould give rise to the observed ohange 
in the time dependenoe of the Auger signals are: 
i) a different growth morphology 
ii) alloying between the oopper and niokel films. 
The Auger results are oonsistent with island growth of the 
overl~er as distinot from l~er by layer growth, sinoe as desoribed 
in ohapter 3, island growth should lead to a less rapid time dependenoe 
of both deposit and substrate Auger signals. Island growth is also 
oonsistent with the results obtained by Kuntze (107) and Matthews (85) 
for deposition of oopper on niokel at elevated temperatures. Confirmation 
of island growth was obtained from eleotron miorosoopy of similar 
speoimens, to be desoribed in the next seotion. 
The possibility of alloying still remains, sinoe alloying 
aoross the interfaoe between the niokel substrate and the oopper islands 
is unlikely to be deteoted by eleotron miorosoopy. A separate experiment 
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was performed using AES in an attempt to decide whether alloying was 
. 0 
occurLng. In the experiment, 12 A of copper was deposited on a nickel 
o 
substrate at 300 C. An Auger trace was taken and then the copper-
nickel speoimen maintained at 3000 C for ten hours. At the end of this 
period the Auger signal from the copper had deoreased by about 3~~, 
whereas the signal from the nickel had inoreased by nearly 60%. 
However, the Auger signals from thick copper films obtained at the end 
of the Auger signal versus deposition time experiments had not shown 
any significant ohange with time. The change in strength of the Auger 
signals for the thin copper deposit m~ have been due to alloying, or 
oould have been a result of surface mobility and rearrangement of the 
copper. It was not possible to deoide which of the above alternatives 
was in faot ocouring. The fact that thicker deposits did not show this 
ohange indicates that alloying, if o o cur ing, must be limited to a few 
18\Yers only. 
6.5.2 Electron MicroscopY 
a) General 
Micrographs of typical areas of various thioknesses of oopper 
deposited on clean nickel substrates at 3000 C are shown in Figure 6.17. 
The shape of the islands is partioularly striking, most islands having 
ver,y straight edges. Even when coalesoence of th~ islands begins to 
o o our , as in Figure 6.170, the islands still retain their regular shape. 
Superposition of the diffraotion pattern on a miorograph showed the 
edges of the islands to be parallel to <100) type direotions. 
The good contrast of most of the oopper islands in Figure 6.17 
indioates that the islands are fairly thick. In fact the average height 
of the islands can be oalculated from the fraotional coverage and the 
mean deposit thickness. For the miorographs shown, the average height 
o 
of the islands is in the region of 70 - 120 A. This is relevant to the 
results of the Auger investigation, since as has been shown in ohapter 3, 
if the thiokness of the islands is substantially greater than the mean 
escape depth for the relevant Auger electrons, the normalised Auger 
signal from the deposit should equal the fraotional coverage 9. 
Similarly the normalised Auger signal from the substrate should equal 
(1 - 0). Figure 6.15 also shows the calculated value of the Auger current 
using values of 0 obtained from eleotron miorosoopy, and assuming the 
thiokness of the islands to be considerably greater than the mean esoape 
depth. The two values for high coverage are seen to be in good agreement 
with the results of the AES experiment. The results for lower coverage 
are not in such good agreement and in faot are on the wrong side of the 
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Figure 6.17 Electron micrographs of various amounts of copper 
depoRited on nickeloat 3000 C ( x 30 , 000) 0 
a) 35 minutes - 21 A b) 50 minutes - 30 A 
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Auger signal versus time curve. For low island thioknesses the 
normalised Auger signal is given by I c a (1 - exp - ii), and hence 
the Auger signal should always underestimate the cove~age. The 
discrepancY in the present oase is probably due to deposited materia! 
between the islands which was not deteoted b.y eleotron microscopy. 
Hence the discrepancY in Figure 6.15 is most likely due to an under-
estimate of coverage a, rather than a signifioantly oversize Auger 
signal. The oorresponding caloulated values of (1 - a) against t are 
1 . • • 
plotted on Figure 6.16 and are seen to be in reasonable agreement with 
the Auger data for decay of the substrate signal. 
The results of eleotron microscopy desoribed above, when 
coupled with the AES results, do seem to show that AES oould be a useful 
oalibration tool over a limited range for deposits which nuoleate. 
Until more is known about nucleation density and island size and shape 
for deposits which nucleate, it is not possible to determine the amount 
of material present from the strength of the Auger signal. Nevertheless 
it does seem to be possible to determine the fractional ooverage of the 
deposit, partioularly in the region approaohing complete coverage. 
The discrepancY between the Auger results and fraotional ooverage in 
the early stages is thought to be primarily a result of material between 
the islands whioh was not deteoted by eleotron mioroscopy. As ooverage 
inoreases the material between the islands beoomes less signifioant and 
agreement is oonsiderably better. 
b) Misfit and Pseudomorphism 
The miorographs of Figure 6.17 show that a large number of the 
oopper islands were regularly shaped, and henoe were suitable as an 
experimental test of the theory proposed b.y Matthews (85) relating 
elastio strain to island size for reotangular islands. The THREED 
method was unsuitable for misfit measurements beoause it averages the 
misfit over the whole area of speoimen sampled by the eleotron beam. 
In the investigation described here methods were required for determining 
the misfit of individual islands. Misfit determinations by spaoing 
of Moire fringes and from the separation of misfit dislooations were 
employed. As in previous results, the spacing of Moire fringes was 
determined from a microdensitometer traoe of the image plate. This 
teohnique was also found to be useful for determining the spaoing 
between dislooation lines, since magnifioations of up to x 50 were 
available. However, before a value of the misfit oould be obtained 
from dislooation spaoing it was necessar,y to determine the Burgers 
veotor of the dislooations. 
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A series of dark field investigations was carried out using 
both the beam tilting technique and the speoimen tilt stage. With 
the tilt stage it was possible to get some dislocations out of oontrast 
when (020) type refleotions were operating. As has already been 
desoribed in section 6.3.2 this means that the Burgers veotors are of 
the inclined tarO~type. It was not possible with either technique 
to get dislocations out of contrast when (220) type reflections were 
operating. Electron miorographs showed the dislooations to have formed 
a crossed grid at right angles, and superposition of the diffraction 
pattern revealed the dislooations to be along <l10; type direotions. 
If the dislocations were of pure edge type, then using the oriterion 
K.~ • 0, possible oombinations of Burgers veotors cannot give rise to 
both sets of dislooations being visible in (220) type refleotions. 
The dark field results therefore suggest that pure edge type dislocations 
were not present. However comparison of misfit results from Moire 
fringes and dislooation spacing, in islands where both could be seen, 
were only in agreement in some instanoes if pure edge dislooations 
were assumed. It therefore seems likely that both types of dislooation. 
were present and the failure to obtain invisibility for dislocations 
under (220) type refleotions was a result of the displacement R2 
described in seotion 6.3.2. 
The presenoe of mixed dislocations in islands is interesting, 
since this type of dislooation is ineffioient for accommodating misfit. 
It is normally assumed (51,152) that pure edge dislocations would be 
formed, beoause it is relatively easy to introduce dislooations at the 
edge of a growing island. However mixed dislooations have been 
observed by Jesser and Matthews (11) \ in island deposits of iron on 
oopper and a formation mechanism involving extension of existing 
dislooations was proposed, operating in a similar fashion to the 
mechanism for produoing dislocations in a oontinuous film. 
A plot of measured elastio strain against mean island length 
is shown in Figure 6.18. The results were obtained using islands whioh 
were approximately square since these correspond to the theoretioal 
treatment given b,y Matthews. The results shown are in agreement with 
similar results obtained by Kuntze (101) for oopper on nickel at 3600 c. 
It oan be seen that the island size at which a partioular elastio strain 
is observed is much larger than the thickness at which a oontinuous film 
shows the same strain. 
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Figure 6.18 Measured values of elastic strain against mean island 
length for copper islands on nickel. 
Before considering individual islands it is worthwhile to 
take an overall look at Figure 6.18 and compare the shapo of the curve 
with theoretioal predictions. As described in ohapter 2, the 
theoretical treatments of island gro'~th oan be divided into two classes, 
the first applying to hemispherical islands and using tho results of 
the equilibrium theories (55,122), and the second considering the 
motion of individual dislocations (85). The dislocation theory of 
Matthews refers to deposits in which' the islands are rectangular, and 
judging from the miorographs of Figure 6.17 this would appear to be 
more applicable to the present case. Matthews does however give an 
equation for the variation of elastio strain with island size which 
neglects the discrete nature of the relaxation of strain. The resulting 
expression £ • bel - v) I in which b is the magnitude of the Burgers 
4 p X 
vector, v is Poisson'S ratio, X is the island dimension and p is the 
ratio of island height to island width, can be compared directlY with 
Figure 6.18. In the original paper Matthews took p .. i, v • i and 
o b • 2.5 A. It this is done in the present case the resulting graph of 
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E against X is in total disagreement with the experimental observations, 
o predioting a strain of less than 0.4% for X - 1000 A. The value of p 
used ''las presumably an arbitrary choice and hence it is worthwhile 
trying to fit the equation above to the experimental results by 
adjusting the value of p. If this is done a value of p'" 1 . 
o 50 glves a 
reasonable fit for X<1500 A, whilst progressively smaller values of p 
. 0 
are neoessary as X lnoreases beyond 2000 A. Adjustment of the parameter 
p might at first sight seem a dubious procedure Since, as the strain£ 
is inversely proportional to p, suitable values of p could be found 
to fit any observed value of £. However an independent estimate of 
the average value of p oan be obtained from eleotron microsoopy and 
these results will be discussed later. 
Final reference to Figure 6.18 reveals considerable soatter 
of the experimental results. In many cases islands of approximately 
the same size show a large range of elastio strain. This effect was 
investigated extensively by Vincent (90) and the large soatter 
attributed to the disorete nature of relaxation of strain. 
The theoretioal treatment of elastio strain with island size, 
due to Matthews and desoribed in ohapter 2, was applied to the case of 
small reotangular islands of copper on niokel. Figure 2.6 shows the 
island size at which the first and subsequent misfit dislocations 
should be introduoed. An attempt was made to obtain miorographs of 
small oopper islands which contained few misfit dislocations, so tha~ 
a oomparison with theor,y oould be made. 
Figure 6.19 shows four micrographs of various sizes of copper 
islands oontaining misfit dislooations. : In all cases the number of 
dislooations present for a given island size was oonsiderably less 
than tha.t predicted by l'latthews. Tho equation used for these 
prediotions, (equation 2.4.8) does however oontain the faotor p whioh, 
using the value assumed by Matthews has already been seen to give results 
not in agreement with experiment. Equation 2.4.8 was therefore used 
to obtain a value of p whioh would fit the islands seen in eleotron 
mioroscopy. Table IV shows the values obtained for island size, number 
of misfit dislooations and the oorresponding value of p. The results 
inolude observations taken from miorographs obtained by Kuntze (101) 
and a result quoted by Matthews (85). Once again the values of p 
required to make theor,y fit the experimental results are significantly 
different to the values assumed by Matthews. 
139 
Figure 6.19 Electron miorographs of Arnall islands of oopper on 
nickel ( x 300 , 000). 
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TABLE IV 
0 Island Uidth / A Number of Dislooations 
700 
840 
1000 
. 
1000 
1200 
1500 
1800 
2600 
* 500 
1340 
1500 
2320 
#' 350 
* Results taken from referenoe (107) 
# Result taken from referenoe (85) 
7 
6 ~ 
4 
2 
5 
16 
11 
35 
5 
10 
11 
21 
1 
p 
1/43 
1/47 
1/67 
1/78 ' 
1/77 
1/60 
1/120 
1/140 
1/31 
1/88 
1/98 
1/145 
1/27 
An independent determination of p for the oopper islands 
was therefore required. The mean value of p for islands like thODe 
shown in Figures 6.l7a and b can be found quite simp~ once the 
ooverage 9 has been determined. If the number of islands per unit 
area is N and the average island width i, then N X 2 .. 9 , hence X can 
be found. The average height of the islands h - t , where t is the 
a 
mean deposit thiokness, and henoe p .~. This procedure oannot be 
X 
used onoe ooalescence has started sinoe N becomes unoertain. Three 
values obtained for p were 1/118, 1/96 and 1/90, for islands of average 
dimensions 8300, 6600 and 7200 i respeotive~. The island dimensions 
are seen to be oonsiderably greater than those listed in Table IV, 
but the resulting values of p are of the same order of magnitude. 
The results show that the island dimensions given by Matthews 
at which misfit dislocations should be introduoed are not in agreement 
with experiment in the present case. Muoh better agreement oan be 
obtained if smaller values of the faotor p are used, and the evidenoe 
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from electron microscopy indicates that such values of p are more 
realistic in the present case. In fact the evidence from electron 
mioroscopy indicates that once the islands are of such a size as to 
be easi~ visible in the eleotron mioroscope their height does not 
increase very rapid~. Matthews introduced the factor p to take into 
acoount the increase in elastic strain energy of an island of length X 
as the height of the island increased. In the present case it vlould 
appear that this additional complication is unwarranted and better 
results are obtained by assuming the island height to be approximately 
constant. It is interesting that the experimental result quoted by 
Matthews for the introduction of the first dislocation in a copper 
island oan only be reoonciled with theory if p • 1/21 is assumed. 
Finally it is worth noting that the critical radius for 
complete pseudomorphism of hemispherioal oopper islands on nickel 
o 
caloulated by Jesser and Kuhlmann-Wilsdorf (55) is 205 A. If the 
circular base of such an island is approximated to a square, the island 
o ' 
dimension becomes 410 A. This is of the same order as the results for 
smaller islands shown in Table IV. 
6 • 6 Summary 
Copper was deposited on single crystal (001) faces of nickel 
at both room temperature and 300oC. The time dependenoe of the relevant 
Auger signals was monitored as deposition prooeeded. 
In the case of deposition at room temperature the copper did 
not build up in l~er by l~er fashion and a structure intermediate 
between true l~er growth and isolated islands was thought to exist. 
Thus in the early stages of deposition the copper formed fair~ flat 
islands, with a relatively high ooverage. As deposition prooeeded the 
ooverage increased, until a situation very close to layer growth 
existed. The absence of a readi1y identifiable low energy Auger signal 
from the substrate made it necessary to perform an independent RHEED 
experiment before a conolusion on the mode of grolrlh could be made. 
Eleotron mioroscopy of similar copper-nickel specimens enabled 
misfit measurements to be obtained. A graph of elastic strain in the 
oopper against mean deposit thickness was in fair agreement with the 
prediotions of theory, although somewhat less elastic strain was 
observed than predioted which is unusual. The disagreement present was 
thought to be primarily a result of the non-uniformit,y of the deposited 
l~er and it is thought that true layer by layer growth of the oopper 
would give results in close agreement with theory. 
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A copper-nickel specimen, in which the nickel substrate had 
been exposed to the residual gas (1 x 10-9 torr) for five hours prior 
to copper deposition, showed almost complete pseudomorphism. The 
thickness of copper was 54 i and similar films deposited on clean nickel 
had shown only 0.5% elastio strain. AES of similar nickel surfaoes 
detected some oxygen but the oxygen signal very rapidly disappeared. 
There was no sign of any other contaminant, with the exception of 
ohlorine whioh was present throughout all the room temperature studies. 
Hence it seems likely that oxygen oontamination oaused the observed 
inorease in pseudomorphism, although it is thought that the true oxide 
was not formed and that a sub-oxide of the type observed by Farnsworth 
(159) m~ have been present. The presence of contamination between 
the copper and nickel crystals m~ impede the motion of dislooations, 
which would result in an inoreased amount of elastio strain. 
Copper deposits on nickel substrates held at 300°C were found 
to be in the form of islands. The theory outlined in chapter 3 for 
the dependence of deposit and substrate Auger signals with coverage 
for deposits which nucleate appears to be in agreement with experimental 
results for high values of coverage. The agreement was not good for 
lower ooverages but this was thought to be due to material between the 
islands whioh was not deteoted by electron miorosoopy. A graph of 
elastio strain in individual islands against island size was of the 
general form observed by Kuntze (107) in a similar experiment. However, 
measurement of the number of misfit dislocations in an island as a 
fUnotion of island width was not in agreement with the theoretical 
prediotions of Matthews (85). Agreement was better if the ratio of 
island height to island width, the faotor p, was modified to the range 
1/50 - 1/100. Evidenoe obtained from eleotron microsoopy indicates 
that a value of p in this range is more realistic in the present system. 
Finally experiments using AES show that significant alloying 
does not occur between copper and niokel films at room temperature. 
Similar experiments at 3000 0 were not so conclusive and whilst thick 
oopper deposits did not show time dependent Auger traoes this was 
observed for thin copper layers. It was not possible to deoide whether 
alloying or surfaoe rearrangement was occuring for the thin deposits, 
but it is thought that if alloying does occur it is limited to a few 
layers- only. 
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CHAPTER 1 
sm-mARY! CONCLUSIONS AND FINAL Cmu.1ENTS 
1.1 Summary 
A Knudsen souroe was designed and built to enable oontrolled 
deposition of copper and silver in UHV. The source was calibrated 
using photometric chemical analysis and enabled either copper or 
silver to be deposited at pressures in the 10-9 torr range. In 
addition a sublimation source for niokel was built to enable the 
deposition of thick nickel films for use as substrate orystals. 
In the initial experiments silver was deposited in stages on 
single crystal nickel films and the growth of the silver monitored by 
AES. The Auger data alone enabled the oocurrenoe of l~er by l~er 
growth to be asoertained. The dependenoe of the growth of the silver 
Auger signal with deposition time was in good agreement with the 
predictions of Gallon (41) for the early stages of deposition. The 
agreement was not so good at longer deposition times and this was 
thought to be due to deviations from true layer growth. Nevertheless 
the experimental results enabled values for the mean escape depths 
for 355, 850 and 60 eV eleotrons in silver to be obtained, together 
with values of stioking coefficients. The values of sticking 
ooeffioients and the known arrival rate enabled the total deposit 
thiokness to be caloulated. 
It was found that the Auger speotrum from silver-niokel 
specimens ohanged rapid1y if the speoimens were heated to 3000 C. 
Subsequent eleotron microsoopy showed that the silver was forming into 
large islands, with the bulk lattice parameter. The relative strength 
of the Auger signals following the thermal anneal was interesting in 
that the silver signal indicated about 60% ooverage of the surface. 
Eleotron mioroscopy had shown the silver islands to oocupy about 20% 
of the surfaoe and the additional Auger signal was thought to be due 
to a l~er of silver strong1y bonded to the niokel. 
Final1y misfit determinations for thin l~ers of silver on 
niokel showed the silver to have its .bulk lattice constant and henoe 
silver does not grow pseudomorphioally on (001) nickel. 
In a second set of experiments copper was deposited on single 
orystal (001) niokel surfaces at both room temperature and 3000 C. 
An examination of the growth and decay of the relevant Auger signals 
for deposition at room temperature did not allow the mode of gr~wth 
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to be cetermined. This was primarily a result of the proximity of 
many of the Auger signals for this combination of materials, which 
increased the experimental uncertainty of the data. 
An investigation of elastic strain against deposit thickness 
for depositions at room temperature was in reasonable agreement with 
theoretical predictions. However, the observed elastic strain was 
generally lower than the theoretical value which is unusual in 
pseudomorphic investigations. The discrepancy in the present case is 
thought to be due to deviations from true l~er growth. No evidence 
was found in which thick copper films showed large values of elastio 
strain. 
In an experiment in which the nickel substrate was exposed 
o 
to the residual gas for five hours, a 54 A thick copper film showed 
almost oomplete pseudomorphism. Further investigation of nickel 
substrates which had suffered prolonged exposure to the residua! gas 
showed oxygen to be present on the surface. The oxygen was detected 
using AES, although it was found that the signal very rapidly disappeared, 
probab~ as a result of desorption by the electron beam. It was not 
possible to determine the structure of any adsorbed species. 
The experimental procedure was repeated for the deposition of 
oopper films in which the nickel substrate was held at 300oC. It was 
found that the copper deposit was in the form of large islands, often 
reotangular in shape. There was a limited amount of evidence to show 
that ooverage information can be obtained from the relative strength 
of the deposit Auger signal. An examination of the number of misfit 
dislooations in oopper islands showed that the predicted values of 
island dimensions for introduction of dislocations given by Matthews 
(8S) were not in agreement in the present case. Much better agreeme~t 
could be obtained if the island height was assumed to be a small fraction 
of the width and evidence from electron microscop,y indicated that this 
was the case. 
Finally it is worth noting that at room temperature Auger 
traces: of copper deposits on nickel did not show time variation. 
At 3000 Cthick copper deposits were stable with time but this was not 
the oase for fairly thin deposits. It therefore appears that alloying 
does not oocur at room temperature, and while it m~ occur at 3000 C it 
is limite~ to a few layers . only. 
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7.2 Conolusions 
The results obtained from an Auger eleotron speotroscopy 
study of the growth of silver on nickel were in good agreement with 
the model of ' Gallon (47) for the early stages of deposition. As the 
deposit thiokness increased there was not complete agreement and this 
was thought to be due to deviations from true layer by layer growth. 
Nevertheless it is thought that in a system where true layer by layer 
growth oocurred it would be possible to obtain an absolute oalibration 
of deposit thiokness over a limited /range simply from the strength of 
the Auger signal. The restriction on the range is due to the finite 
number of layers whioh contribute to the Auger signal and once this 
number of layers has been exoeeded the Auger signal remains constant. 
In a system exhibiting true layer growth the useful range, depending 
on mean escape depth, would appear to be between zero and about t wenty 
layers. This is a range for which other methods of thickness 
measurement are not well suited, particularly for in-situ determinatiQ~s. 
Even if oalibration were only possible up to one monolayer, as in the 
experiment reported, AES could be partioularly useful for surface 
diffusion experiments, especially if the substrate has a low energy 
Auger peak, since such signals have been shown to be ver.y sensitive 
to the quantity of deposit. 
A ~tudy of pseudomorphism of copper on nickel at room 
temperature produced results whioh were in fair agreement with theor.y. 
There was no evidence of thick oopper films with large values of elastio 
strain and the discrepancy with theor.y was thought to be "due to 
deviation from true layer growth. Contamination of the substrate b,y 
prolonged exposure to the residual gas produoed a copper-nickel 
" 0 bior.ystal in which the 54 A thick copper film was almost completely 
pseudomorphic. There was some evidence that oxygen was present on the 
surfaoe but it is not oertain whether this was the only contaminant. 
In addition it was not possible to determine the structure of any 
oontaminant. This was the most unsatisfactor,y part of the present work 
and in view of the signifioant affeot on pseudomorphism it would be 
particularly worthwhile to determine the exaot nature of the contaminant. 
The diffioulty of gas desorption experienced with AES might be overcome 
by using a more sensitive speotrometer so that the incident beam current 
could be SUbstantially reduoed, or alternatively by using photoeleotron 
speotrosoopy as the method of surfaoe chemioal analysis. 
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7.3 Final Comments 
Throughout the experiments desoribed the substrate orystal 
was itself a thin film prepared by deposition of niokel on rooksalt. 
The sublimation souroe used to deposit niokel suffered from the defeot 
of many types of evaporation souroe desoribed in ohapter 1, namely the 
diffioulty of oontrolling the evaporation rate. Consequent~ the 
thiokness of the niokel film was diffioult to oontrol and this 
frequently lead to niokel substrates whioh had to be disoarded beoause 
they were not quite oontinuous. To avoid this the thiokness of the 
niokel films was inoreased but this lead to diffioulties with eleotron 
miorosoopy, sinoe niokel films muoh thioker than about 1500 X result 
in very low beam intensities. This frequently made dark field 
miorosoopy impossible and even bright field miorosoopy diffioult. 
For reasons alrea4y disoussed in ohapter 1 Knudsen sources are not 
suitable for repeated deposition of thick films, and could not be used 
in any case for materials which alloy, such as nickel. It is desirable 
to be able to produoe substrate films of constant thickness and hence 
the best solution would probably be to include a quartz crystal 
ratemeter in the apparatus. This would enable films of constant 
thickness to be produced even if there were fluctuations in the 
evaporation rate. 
One other consequenoe of produoing thin film substrates is 
that they generally contain large numbers of dislooations. 
In pseudomorphic systems such as oopper-nickel where accommodation of 
misfit is effected by existing dislooations it would be interesting to 
stu~ the affect of variations in the density of dislocations in the 
substrate. It would however be diffioult to vary the density of 
dislocations in a thin film substrate and the use of specially prepared 
bulk single orystals would probably be necessary. 
The Auger investigation of the growth of silver on nickel 
when coupled with the theory due to Gallon (47) enabled the mean escape 
depths for the relevant Auger electrons to be obtained. If AES is to 
realise its full potential as a quantitative technique then electron 
mean esoape depths will be required for a large range of materials. 
It would therefore be worthwhile to repeat experiments like the silver 
on niokel investigation for as wide a range of materials as possible. 
Finally it was found that when both the silver and copper 
deposits were in island form the relative strength of their Auger signals 
generally indicated a muoh higher coverage than that observed in eleotron 
microsoopy. This was thought to be due to a thin layer of deposit 
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material between the islands. It would be interesting to study the 
growth of silver on hot nickel to see if this thin l~er was formed 
initially and then subsequent material grew in the form of islands. 
It should be possible to decide if this were occuring from the 
strength of the Auger signal, providing the Auger signal from one 
monolayer of deposit is known. It is unlikely that the presence of 
an initial monol~er would be detected by eleotron microscopy since 
it would not scatter sufficiently strongly to be detected under dark . 
field oonditions. 
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APPENDIX 
PRODUCTION OF THE SECOND DERIVATIVE CURVE 
The analysis of Bishop and Riviere (142) is follol-led m 
order to show that the seoond harmonio oomponent of the eleotron 
current reaching the screen in a retarding field analyser is 
proportional to the second derivative of the ourrent with r~~peot 
to the analysing energ:f. 
If the analysing voltage is, V and the total oolleoted 
current is iCY) then expanding the funotion iCY) in a Taylor series 
about a point V 
o 
iCY) .. i{V ) + [di(V)] (V-V) + t[d2i{V)] (V-V )2 + ••••• (Al) 
o dV 0 2 0 
VaV dV ' V-V 
o 0 
The voltage (V-V ) is the sinusoidal modulation A sin w t and d i (V) 
o 
is the eleotron energy distribution N(E). Therefore dV 
substituting into equation Al gives 
i{V) • i{V ) + A N(E)sinwt + .£ [dN(E)] (1 - oos 2w t) 
o 4 ~ 
. EaE 
o 
sin3wt) + ..... 
Rearranging equation A2 gives 
A N (E ) + A 3 N II (E ) + ••••• 1 sin w t 
o ~ 0 
A2 N I (E ) + A4 NIII (E) 1 2 t O + ••••• oos w 
'4 0 48 
+ ••••• 
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(A2) 
(A3) 
I 
' The current collected at frequency 2w (the second harmonic) is 
i. N' (E) + A4 Nil' 
4 0 48 
(E ) + ••••• 
o 
which will be proportional to N' (Eo) providing the other terms in 
equation A4 are negligible compared to the first. This requirement 
will be satisfied if the modulation amplitude A<E , where p is 
2 
the width of the Auger peak. Hence if A<,E the current in the Auger 
2 
peak will be proportional to the square of the amplitude of modulation. 
This fact m~ be used to estimate the resolution of the Auger 
speotrometer. 
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The dependence of Auger intensities on deposition time for deposits which grow in layer-
by-layer fashion is analysed in terms of a simple model. It is shown that it is possible in 
principle to calibrate the Auger signals as a function of thickness absolutely with no prior 
assumption of values for sticking coefficients. The extent to which theory and experimental 
data for the deposition of silver on nickel are in agreement is examined, and values 
deduced for sticking coefficients and escape depths of Auger electrons in silver. It is also 
found that silver grows epitaxially on nickel at room temperature, and that silver/nickel 
bicrystals do not alloy after heat treatment. 
1. Introduction 
The value of Auger Electron Spectroscopy as a sensitive tool for qualitative 
analysis of surface chemical composition has long been recognised. How-
ever it has not yet been possible to determine the concentration of a surface 
species from its Auger signal, except in the case of sub-monolayer deposits. 
Even in this restricted case, some subsidiary assumption has to be made. 
Thus for the deposition of iron on silicon l ) equality of the sticking coeffi-
cients of iron on silicon and on the quartz crystal of a rate meter was assumed 
and for the deposition of silver on gold 2) the disappearance of a feaure 
associated with gold in the LEED pattern was taken as an indication of 
monolayer coverage of silver. 
The purpose of this paper is to present an extension of a model already 
developed by one of us3), which describes the dependence of Auger inten-
sities on specimen thickness, to the analysis of layer-by-Iayer growth of a 
deposit on a substrate, and to compare the results of the analysis with 
experimental data we have obtained for the deposition of silver on the (100) 
surface of nickel. 
2. Theory 
In the model referred to above3), the crystal is regarded as being made up 
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of atomic planes labelled 1,2, ... , n, parallel to the surface, n= 1 being the 
outermost layer. The production of a back-scattered Auger current due to 
an incident electron beam penetrating into the crystal is described in terms 
of the probabilities of a primary electron reaching the nth layer, of an Auger 
electron being produced there, and of this Auger electron escaping back 
through (n-I) layers to the vacuum. Summing the contributions gives the 
Auger current from n layers as 
(1) 
where I( is the current from one monolayer and 100 is the current from bulk 
material. 
The application of this model to the growth of a depositing material A 
which arrives at a constant rate at the surface of material B, and grows in 
layer-by-Iayer fashion on it, is as follows. The aim is to deduce the thickness 
of the A overlayer solely from its Auger signal, there being no prior assump-
tion of values for sticking coefficients. 
Let R = arrival rate of material A at surface of B in monolayers sec-I, 
SI = sticking coefficient of A on B (assumed independent of coverage), 
t = time elapsed from start of deposition. 
The initial Auger current is given by 
(2) 
where I( is the current from a monolayer of A. This dependence continues 
up to a time t I which corresponds to the deposition of a monolayer. As the 
second layer develops the current is given by 
I A = f ( (I - 0) + 120, (3) 
where ()=R S2 (I-I() is the fractional coverage of the second layer, S2 is 
the sticking coefficient of A on A, assumed to be independent of coverage. 
and 12 is given by eq. (I) with 11=2. Substituting in (3) for 12 leads to the 
expression 
(4) 
so that, as expected, there is a linear increase of Auger current with coverage 
as the second layer develops. For an integral number 11 of deposited layers 
the Auger current is given by eq. (I) with n= I +RS2 (tn-/(), where In is the 
particular time that corresponds to the completion of the 11th layer. The 
dependence of fA on t indicated by this analysis is shown in fig. I, which is 
drawn for a hypothetical case in which It/foo =0.4 and the equality of the 
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time interval (O-td to subsequent intervals implies equality of the sticking 
coefficients SI and S2' 
One notes that the dependence is piece-wise linear, there being abrupt 
changes in slope at integral values of the layer number. It is clearly of parti-
cular importance to be able to locate the time tl corresponding to mono-
layer coverage of A on B. With data of sufficient accuracy it should be 
possible to distinguish the linear portions. However in practice the experi-
mental accuracy may make this difficult, and also there may be deviations 
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Fig. I. Deposit Auger signal as function of deposition time according to model. hand 
100 correspond to monolayer coverage and bulk respectively. I" = deposition time cor-
responding to completion of nth layer. Drawn for Sl = S 2. 
from true layer growth in that the (n + I )th layer may start to develop on 
top of the nth before the nth is complete. If either or both of these circum-
stances arise then the data will approximate to a smoothed curve having 
the general form of fig. I . It may however be deduced from eq. (I) that the 
quantity 
so that the most abrupt change in slope occurs at 11 = I, and therefore the 
discontinuity in slope at the time corresponding to the completion of the 
first layer should be the easiest to discern. In addition the ratio SI /S2 affects 
the ease of location of t1 , S';S2 < I and S';S2> I making the change of slope 
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less and more abrupt respectively. If by inspection of the data 11 can be 
located, the current from the first layer of the deposit, I, is immediately 
deduced. 
The other quantity of importance for the theory, frL" will be determined 
experimentally at long deposition times, when the Auger current becomes 
constant to within the experimental accuracy. Although, as noted previously, 
there may be deviations from true layer growth, the value of 100 deduced is 
independent of these deviations provided a continuous deposit is eventually 
formed. 
If the accuracy of the experimental data does not allow the identification 
of linear portions in the 1 A versus I curve for I> I" but nevertheless suggests 
a smooth variation of fA with I up to a constant value 100 then it is permissible 
to treat n as a continuous variable and write 
(5) 
where n = I + RS 2 (I - I,). Rearranging (5) gives 
10g(J - ; : ) = [I + RS2 (t - tdJ 10g(J - ;~). (6) 
Hence it should be possible to estimate a value for I, from the departure of 
a plot of log (I-IA/loo ) versus t from linearity as well as from the fA versus 
I data. 
Having obtained I, the initial slope of the IA versus I plot gives (RS,) 
from eq. (2) and hence S, if R is known. The graph oflog(I-/A/loo ) versus 
I for the region I> I, should give a straight line of slope RS2 10g(l-fi/loo ) 
and hence S2 if R is known. Even if R is unknown the time for the growth of 
a monolayer of A on A can be determined from the value of 11 and the ratio 
SdS2 obtained by dividing (RS,) by (RS2), (RS2 ) being obtained from the 
slope of the (l-/A/foo ) versus I plot. Thence 12 -/,= (S,/S2) I, and the 
deposit thickness may be calibrated. 
Similar results may be deduced for the decay of the Auger signal from the 
substrate. Thus 
Is = Is oo [1 - RS,t(l - ~~:A)J. I < I" (7) 
where I, BA is the signal from the substrate covered by one layer of A and 
Is = Is oo C;:A) RS2 /, (8) 
It is shown in ref. 4 that in terms of this model the mean escape depth of 
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Auger electrons, expressed as a number no of atomic layers is given by 
no = ~ ~ + (I - ~) [I + Ijlog{loo /(I oo - II)}]' 
2/ 00 100 
(9) 
This model assumes that the backscattering factor remains constant 
during the growth of the overlayer. In the inital stages, the distribution of 
backscattered electrons will be determined by the substrate and this assump-
tion will probably hold good. However, as the deposit increases in thickness 
the back scattered electrons will gradually originate from the overlayer. For 
deposit/substrate systems of markedly different scattering properties this 
may affect the shape of the curve of Auger signal vs. time, probably causing 
the flat portion of the curve to have a slight upward or downward slope to a 
new saturation value. 
The application of this model to experimental data for the depostion 
of silver on nickel is described in subsequent sections. 
3. Experiment 
The deposition of silver on nickel has been monitored as a function of 
time by Auger Electron Spectroscopy, hereafter referred to as AES. 
3.1. ApPARATUS AND TECHNIQUE 
The apparatus consists of an ultra-high vacuum system which contains 
facilities for the deposition of silver and nickel, for analysis of surface 
structure by LEED and RHEED, for AES, and for residual gas analysis. 
The crystal manipulator and holder allows multiple-cleavage of crystals, 
typically rocksalt, of initial dimensions 8 x 8 x 30 mm, enabling about four 
(100) crystal faces 8 mm square of such materials to be prepared in-situ. 
The crystal temperature may be varied between about - 180°C and 380°C 
by liquid nitrogen cooling and radiation heating respectively. The base 
pressure of the system is about 8 x 10- 10 torr. Other facilities of the plant, 
which are described elsewhere5), are not relevant to this investigation . 
The nickel substrate on which silver is deposited is prepared by deposition 
of nickel on rocksalt. The nickel source consists of a helix of nickel wire 
which is resistance heated to a temperature at which its vapour sublimes at 
an appreciable rate. The helix is formed by winding a nickel wire 0.02 inch 
in diameter round a length of straight tungsten wire 0.04 inch in diameter 
so that its turns touch, and then forming the composite wire into a helix 
with closely-spaced turns. The nickel is Grade I material supplied by 
Johnson-Matthey Ltd . The helix is housed in a tantalum box from which a 
short pipe permits the vapour to emerge. As viewed from this exit pipe the 
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helix is sideways on so that its close winding presents a large evaporating 
area. In operation the source is raised to a position such that the open end 
of the pipe almost touches the crystal face on which a film is to be deposited, 
thus local ising the deposition region to a circle of 6 mm. diameter, and the 
helix- crystal distance is then 5 cm. The helix may be viewed through a small 
hole in the tantalum box, and the vapour which .emerges from here condenses 
harmlessly in a region remote from the crystal. The power supplied to the 
source is manually controlled and nickel films ~ J 500 A thick, as judged 
from subsequent electron microscopy, may be deposited in about 1 hour. 
In operation the source causes the pressure in the system to rise initially to 
about 4 x 10 - 8 torr, but the pressure improves progressively as the source 
outgasses so that eventually depositions are possible in an ambient pressure 
of about 5 x 10- 9 torr. 
Silver is evaporated from a Knudsen source consisting of a closed tantalum 
crucible from which silver vapour emerges through a J mm orifice. Sub-
sequent apertures define a horizontal beam path to the crystal which is 
22 cm. distant. A shutter may be interposed in the beam. The crucible is 
heated by electron bombardment and its temperature sensed by a Pt/Pt - Rh 
thermocouple whose signal regulates the heating power to maintain a con-
stant crucible temperature and therefore a constant pressure of silver vapour 
in the Knudsen cell. For this experiment the temperature was set to give an 
expected arrival rate of 0.7 A min- 1 of silver at the crystal face, as deduced 
from an analysis of the geometry of the source and the vapour pressure 
data for silver6) . Colorimetric metal analysis 7) of a silver film deposited in 
an auxiliary experiment enabled the actual arrival rate to be measured 
unambiguously. The result was 0.48±0.06 A min - I, the difference between 
this and the predicted value reflecting uncertainty in the vapour pressure 
data. Expressed in monolayers per minute, the arrival rate is R=0.23±0.03, 
the lattice constant of silver being 4.17 A. During operation of the source, 
the pressure in the system does not exceed 5 x 10- 9 torr. 
AES is carried out using the electron gun and optics of a four-grid LEED 
system, together with external circuitry described in ref. 8. The peak-to-peak 
height of the second differential of the modulated Auger current is taken as 
the measure of the current in the Auger peak, as proposed by Weber and 
Johnson9) . The signals measured in the course of the experiment were the 
silver signal at 355 eV due to the unresolved M4.5 N4.5 N4.5 transitions and 
the nickel signals a t 60 and 850 eV due to M2 • 3 M4 M4 and L3 M4.5 M4 •5 
transitions respectively. 
3.2. PR EPARATION OF NIC KEL SUBSTRATES 
Nickel films ~ 1500 A thick were deposited In the manner previously 
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described on to (100) faces of rocksalt obtained by cleavage immediately 
prior to deposition. The rocksalt crystal was held at an indicated temperature 
of 150°C, but thermal radiation from the incandescent nickel helix may have 
raised the surface temperature to 200-300°C. This prescription for preparing 
nickel substrates was arrived at after a series of trial experiments in which 
films of various thickness were examined by LEED, RHEED at 15 keY, 
AES and subsequent transmission electron microscopy. After cooling the 
as-deposited films LEED and RHEED showed that the deposits were 
monocrystalline with the (100) epitaxial structure, and the streaking of 
features in RHEED patterns indicated that films were flat. Microscopy 
showed that films 1500 A thick were continuous and completely hole-free. 
This last result was important because AES of the deposited nickel surfaces, 
in which great care was taken to prevent the incident electron beam striking 
the adjacent rocksalt substrate, revealed the presence of a small amount of 
chlorine. AES revealed no other contaminant on the nickel surface. The 
origin and behaviour of the chlorine contaminant during the experiment will 
be discussed later. 
3.3. PROCEDURE AND RESULTS FOR SILVER DEPOSITION ON Ni(IOO) 
Silver was deposited at normal incidence and at a constant rate of 0.48 AI 
min on to the nickel surface at room temperature. The deposition was carried 
out in stages, using the shutter, and with the source turned off during the 
measurement period. After each stage an Auger spectrum of the surface was 
taken, and the progressive decline of the nickel Auger signals (at 60 and 
850 eY) and the growth of the silver signal (at 355 eY) recorded as a function 
of deposition time. The deposition of silver was continued to the point when 
the nickel signals were no longer detectable and the silver signal had reached 
a constant value. The chlorine signal remained substantially constant 
throughout the experiment. 
The data for the growth of the silver signal as a function of deposition 
time are shown in fig. 2. One notes the I inear rise of the plot initially and the 
low scatter of the associated experimental points, followed by a break from 
linearity after approximately 450 sec and a gradual increase, with larger 
scatter of data, to a constant signal. The 100 value drawn takes into account 
a number of experimental points at long deposition times which could not 
conveniently be displayed in the figure. 
The corresponding data for the decay of the nickel substrate signals are 
shown in fig . 3, where the insert shows the decay of the 60 eY signal on an 
expanded time scale to aid clarity. One notes here the linear decay of the 
60 eY signal which reaches a very small value after 400 sec, the approximate 
time at which the silver signal in fig. 2 broke from linearity. The decay of the 
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850 eV signal is more gradual and ceases to be detectable at 8000 sec depo-
sition time. 
The experiment was repeated several times. The same variation of silver 
and nickel signals was observed, with the exception that in one run the decay 
of 60 eV signal broke from linearity at an earlier stage than in other runs, 
falling thereafter at a slower rate, as shown by the dotted line in fig. 3. 
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Fig. 2. Growth of 355 eV silver Auger signal with deposition time. Experimental points 
at long deposition times off scale. 
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Fig. 3. Decay of nickel substrate Auger signals with silver coverage. Inset shows 60eV 
signal on expanded scale for clarity. Dashed line connects corresponding times. 
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3.4. ANNEALING EXPERIM ENTS 
At the conclusion of the foregoing experiments, approximately 30 A (see 
later discussion) of silver had been deposited on the nickel, nickel Auger 
signals were not detectable and therefore the nickel was completely covered 
by silver. Further experiments using AES and heat trea tment were carried 
out on such deposits. 
In one experiment, having recorded the fina l Auger trace of the deposition 
sequence, the sample was left at room temperature in the vacuum (2 x 10 - 9 
torr) for 56 hr. The Auger spectrum ta ken after thi s interval was identica l 
(a) 
(b) (c) 
Fig. 4. Electron microscopy a nd diffraction a t 100 kY o f Ag/Ni bicrystal a nnea led a t 
300 °C in vacuum: (a) transmission diffraction pattern at 100 kY ; (b) bright field micro-
graph ; (c) da rk-field micrograph on (220) silver spot. 
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to the previous one - the silver signal had the same strength and neither of 
the nickel signals had reappeared. 
In a second experiment, with the same starting conditions as those above, 
the silver-nickel bicrystal was heated at 300°C for 17 hr. After thirty minutes 
heating, even before 300°C was reached, changes started to occur in the 
Auger spectrum. The nickel signals reappeared and the size of the silver 
signal was reduced. This behaviour indicated that the nickel/silver combi-
nation had either alloyed, thus bringing some nickel to the surface, or that 
some change in morphology had occurred. The dilemma was resolved by 
subsequent electron microscopy and diffraction of the stripped film, the 
results of which are shown in fig . 4. Fig. 4a shows the transmission diffraction 
pattern taken at 100 kV of the composite film after heat treatment. The 
bright spots are due to the epitaxial (100) nickel film. Just inside the low 
index spots faint but sharp spots with no streaking can be discerned. By 
accurate measurement of the pattern using microdensitometer traces of the 
image plate these were identified as silver spots having the same spacing as 
would be expected from bulk data, so that the silver is not detectably strained . 
A bright field micrograph is shown in fig. 4b. The fact that the dark regions 
are silver islands is shown by dark field microscopy using the (220) silver 
diffracted beam, which gives the micrograph of fig. 4c. It is thus proved that 
nickel and silver do not mix to form an alloy as a result of this heat treat-
ment, but rather that a change of morphology occurs. 
4. Discussion 
A comparison of the experimental data in fig. 2 with the theoretical plot 
in fig. I suggests that the silver may be growing in layer fashion, there being 
a well-defined initial linear portion which ends at about 450 sec deposition 
time corresponding, in terms of the model, to the completion of a mono-
layer. The correctness of this interpretation is confirmed by the linear decay 
of the 60 eV nickel signal (fig. 3) which becomes undetectable at about the 
same deposition time. The confirmation rests in the fact that for any other 
growth morphology, a departure from linearity of the deposit Auger signal 
would not occur at the same time as the disappearance of a substrate Auger 
signal. Thus if the silver had been nucleating, large areas of the nickel sub-
strate would at this stage be left uncovered resulting in a large residual 
substrate signal. It is fortuitous for the investigation that nickel has an Auger 
peak at the low energy of 60 eV, for this presumably has a small escape 
depth which makes it especially surface sensitive. 
The comparatively large scatter of the silver data for the region t> t J, and 
over the whole range of deposition time for the 850 eV signal, do not allow 
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the procedures based on eqs. (6) and (7) to yield meaningful values for 11' 
the monolayer formation time for silver on nickel. t, is therefore deduced 
by inspection of the Ag and 60 eV Ni data to be 400± 50 sec. The associated 
value of II gives 1,/1"" =0.32±0.04 for silver. Using the known arrival rate 
(R=0.48±0.06 A/min) and eq. (2) gives the sticking coefficient of Ag on Ni 
as S, =0.7±0.2 under the prevailing conditions. Putting the value of 1, /1"" 
in eq. (9) gives the mean escape depth for 355 eV Auger electrons in silver 
as 5.4±0.6 A which differs from the value of 8 A found by Palmberg and 
Rhodin 2) even though 1, /1"" deduced from their fig. 9 is also 0.32. 
The reasons for this difference in the estimate of no lie in the treatment 
of the data, and are as follows . The elementary definition of mean escape 
depth is 
100 00 100 
no = IndJ/ Idl = In dl /I "" , 
000 
and in the quantity n dl, df is to be interpreted as that part of the Auger 
current generated at a depth of 11 layers which passes through the overlying 
layers to reach the vacuum without loss of energy. The eq. (9) quoted prev-
viously results from applying this definition to the layer-by-layer model. Tn 
terms of experimental intensity versus coverage data In dl is the area 
bounded by the I axis, the experi mental curve, and a I ine 1= 1"" which touches 
the experimental curve tangentially at l1 = n"" this being the total number of 
layers which contribute to the observed Auger current. The quantity 110 may 
be estimated in three ways: 
(i) By direct integration of this area, and by comparison of it, for cali-
bration purposes, wi th the rectangular area 11 "" I "" . Then 
110 = 11 "" X a ratio of two areas. 
(ii) By fitting an exponential curve of the form 
I = I"" [ I - exp ( - 11/ l/o)J 
to the data. This procedure involves the assumption of equal sticking coeffi-
cients in the pre- and postmonolayer stages. The curve is fitted to the data 
using only one experimental point, typically I" in addition to the I"" value 
and the initial linear rise of a deposit signal would be ignored. 
(iii) By using an expression such as eq. (9) based on a simple model, in 
which case 110 is a function only of the ratio 1, /1"" , and it is not necessa ry to 
know 11 "" . 
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Procedure (iii) appears to be less reliable because it involves the assump-
tion of a model whereas the other two use the data more or less directly. 
However the advantages of procedure (iii) are that noo need not be known, 
and provided II can be determined, the detailed growth morphology after 
the first monolayer coverage, which for reasons discussed previously is 
subject to greater uncertainty, is not important. In particular the measured 
value of 100 will be substantially independent of the final morphology. 
Therefore, in circumstances where the experimental data seems to be more 
reliable in the stage up to monolayer coverage than it does in later stages, 
which is the case in our measurements, the deduction of no by procedure 
(iii) is preferable. 
When applied to both our data and that of Palmberg and Rhodin 2) 
procedure (iii) yields 5.4 A for the escape depth of 355 eV Auger electrons 
in silver, because 11/100 is the same in both cases. Procedure (i) applied to 
Palmberg and Rhodin's data and taking noo = 15 yields their value of 8 A. 
The same procedure applied to our data gives 6 A but with large uncer-
tainty '" 2.4 A. 
The escape depth of850 eV electrons through silverestimiated byprocedure 
(iii) is 6.7±0.5 A. The form of the Ni 60 eV signal decay indicates that the 
escape depth of electrons of this energy through silver is about I atomic layer. 
The considerably lower scatter of the data for 1 < 1 I compared with that 
for I> 1 I' which was a feature of all the runs made, suggests that the data for 
I> 1 I may represent a true surface effect rather than the onset of instrumen-
tal instability. There are indeed certain regularities in the variation of the 
data between 500 and 1200 sec, viz: three dips in the curve more or less 
equally spaced in deposition time. This might be due to bits of (n + I )th 
layer being formed from existing nth layers between individual measure-
ments, due to surface mobility of the silver atoms. Such an un-covering 
process could lead to a reduction of the total signal. The dotted curve of 
fig. 3 for the 60 eV nickel decay may be evidence of this phenomenon, but 
there was no clear correlation with the silver data. Such speculation is 
supported in a general way by the results of annealing experiments. Although 
thick as-deposited layers seem to be stable at room temperature the rapidity 
with which this overlayer transforms to a thermodynamically stable island 
structure at 300 °C suggests that the as-deposited overlayer at room tem-
perature may be metastable, so that kinetic effects might occur in thin over-
layers even at room temperature. Such conversions of a metastable to a 
stable structure have been observed for platinum deposited on gold 10). 
Despite these uncertainties about what is happening in detail for 1>/ 1, the 
fact that the deposit layer is continuous makes it worthwhile to plot a 
smoothed curve through the experimental points for I> 1 I' as has been done 
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in fig. 2 a nd to follow the procedure based o n eq . (6) to estima te a n a pprox-
ima te sticking coeffi cient fo r sil ver on sil ver a t room tempera ture. This has 
been do ne a nd the result is S2= 0.37 ± 0.15. 
The situa ti o n fo r t > t I might be cla rified by repea ting the in vesti ga tio n 
with a lower substra te temperature, when atom ic mobili ties wo uld be much 
reduced, a nd ma king greater use of the experimenta l fac ilities to study 
surface structure. 
The ro le of the chlorine conta minent in the experiment is d ifficult to assess. 
R es idua l gas a na lys is showed tha t there was a sma ll (~ 10 - 12 to rr) pa rti a l 
pressure o f chlorine in the system in the system during the ex periment , a nd 
it seems most likely tha t the o ri gin o f chlo rine o n the surfaces under investi-
ga tion was adsorptio n from the gas phase, which would be consistent with 
its substa nti ally consta nt va lue thro ugho ut. Tha t its stay o n the surface was 
tempo ra ry, invo lving a n adsorpt io n stay time, is a lso sugges ted by the fac t 
no traces o f chlo ride structu res etc. could be found in tra nsmi ssion electron 
di ffracti o n pa tte rns. 
5. Conclusion 
The agreement between the theory o f the develo pment o f Auger intensit ies 
for deposits growing in laye r fashion a nd the experimenta l da ta fo r sil ver 
depositing on nickel is only parti a l. There is well defi ned laye r growth initi a ll y 
up to a mo nolaye r thickness of sil ver bu t thereaft er, a ltho ugh a cont inuo us 
overlayer is produced , the prec ise va ri a ti o n expected fro m the theory is no t 
fo llowed . Experiments a t a lower tempera tu re might show bette r agreement. 
C lose agreement between theory a nd experiment would a ffo rd a n a bsolute 
ca libra ti on of the Auger intensities fo r thi s combina tio n o f ma teri a ls, thus 
ena bling precise sta rting conditio ns to be set up in situ fo r, e.g., a surface 
di ffusion experiment. Nevertheless the agreement of theory a nd ex periment 
fo r the sub-mo no laye r stage o f depos it io n indica tes una mbiguo usly that 
layer growth is occurring initi a ll y, affords a n a bsolute ca librat io n fo r thi s 
restri cted regio n, a nd yields the sti cking coefficient fo r Ag o n Ni under the 
preva iling conditions together with data on the esca pe depth o f Auger 
electro ns. The a nnealing ex peri ments show tha t , as is the case for the bul k 
ma teri a ls, ni ckel a nd silver do not a ll oy when in thin film fo rm . F ina ll y 
may be no ted that sive r deposits expitax ia ll y o n ( 100) nickel a t roo m tem-
pera ture. 
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